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ABSTRACT 
This work investigates the correlation of structural and photovoltaic properties of 
dyes used in dye-sensitized solar cells. Experimental methods, including ultraviolet-
visible spectroscopy, fluorescence spectroscopy, cyclic voltammetry and 
electrochemical impedance spectroscopy are employed to study optical and 
electrochemical properties of dye molecules. Computational methods, including 
density functional theory and time-dependent density functional theory, are used to 
validate and predict the optical and electronic properties of dye molecules, in their 
isolated state and once embedded into a working electrode device environment that 
comprises a dye…TiO2 interface. 
 
The results chapters begin with the presentation of a series of quinodimethane dyes 
that are experimentally validated for their photovoltaic application, and associated 
computational studies reveal that an inner structural factor - a phenyl ring rotation 
occurring during the optical excitation process - leads to the competitive photovoltaic 
device performance of these dyes. Carbazole-based dyes are then systematically 
studied by computation, especially considering charge transfer paths and binding 
modes of these dyes on a titania surface. The theoretical models for the basic building 
block of this chemical family of dyes, known as MK-44, successfully support and 
 II 
 
explain structural discoveries from X-ray diffraction and reflectometry that impact of 
their function. A benzothiadiazole-based dye, RK-1, is then systematically studied by 
both experimental and computational methods, and the results show that the π-bridge 
composed of thiophene, benzothiadiazole and benzene rings leads to excellent charge 
separation; and the rotation of these rings during the optical excitation process may 
well be consistent with the fluorescence spectrum. Finally, the well-known ruthenium-
based dyes are theoretically studied to determine the properties of different ligands 
connected to the metal core of the complex. Conformations with different NCS 
ligands are calculated in terms of energy and explain well the corresponding results 
from X-ray diffraction. Acid-base properties of carboxyl groups connected to pyridine 
ligands in N3 and N749 are theoretically calculated based on thermodynamics and 
density functional theory. Implicit and explicit models are both adopted to predict 
these acid dissociative constant values, which are generally in a good agreement with 
the reported experimental data. The thesis concludes with conclusions and a future 
outlook. 
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CHAPTER 1 
Introduction 
 1.1 Background  
Fossil fuels, such as petroleum, coal, and natural gas, have dominated the energy 
resource sector for many years. However, these traditional sources of energy 
encompass drawbacks that cannot be avoided, such as a limited availability and 
pollution arising from their combustion. Therefore, new resources, preferably clean 
and renewable, are in high demand in order to reduce the current global dependence 
on fossil fuels. Among many new energy resources, solar energy is outstanding due to 
its renewable nature as well as the clean and safe use. However, solar energy is 
relatively difficult to use directly, and accordingly it is often converted into forms of 
energy via (i) light-thermal, (ii) light-chemical, and (iii) light-electricity conversion. 
In the context of light-electricity or ‘photovoltaic’ conversion, solar cells are the most 
commonly used and efficient devices. 
 
Silicon-based solar cells, which were initially proposed in the 1950s,1 represent the 
most developed and widely used cells, especially for commercial applications. 
Silicon-based solar cells exhibit meanwhile conversion efficiencies larger than 25% 
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for monocrystalline silicon, and even some commercial panels show efficiencies 
larger than 20%.2 However, due to the high costs that are associated with the 
preparation of monocrystalline silicon, and the high pollution caused during the 
process of refining silicon, monocrystalline silicon is a less than perfect choice for a 
large-scale use, and it is, unless the aforementioned issues are resolved, not a suitable 
substitute for fossil fuels. Therefore, other silicon materials have been developed for 
photovoltaic applications, such as polycrystalline silicon solar cells or 
microcrystalline and amorphous silicon thin film solar cells, which have reached 
conversion efficiencies of 21.9%, 11.9% and 10.2%, respectively.3 Simultaneously, 
new types and structures of solar cells have been developed, including e.g. polyhydric 
compound thin film solar cells (CdTe, CIGS), multi-junction solar cells, organic solar 
cells (OSCs), dye-sensitized solar cells (DSSCs), quantum dot solar cells, and 
perovskite solar cells. All of these exhibit specific advantages, and further research 
should lead to an improvement of their efficiency and ultimately commercialization.3 
 
1.2 Dye-sensitized solar cells (DSSCs): an overview  
1.2.1 The development of DSSCs 
The earliest research on DSSCs dates back to the 1880s, when the response of dye 
molecules to light of certain wavelength and other dye-sensitized photo-
electrochemical phenomena were gradually discovered.4 However, until the 1960s, 
the nature of the dye molecules did not attract much attention. Then, Terenina and 
Putzeiko reported the sensitization of organic dyes on wide-band-gap 
semiconductors.5 In the early 1970s, Tributsch discovered that electrons in dye-
sensitized semiconductors could be generated and transferred by light.6 In an early 
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study on dye-sensitized semiconductors, the semiconductor electrode used in the 
experiment was dense and flat, which limited the adsorption of dye molecules, and 
resulted in photoelectric conversion efficiencies of such cells that were usually < 1%.7 
In the 1990s, Grätzel and co-workers used porous titanium dioxide films, which 
endowed the sensitized electrodes with a large surface area, a ruthenium-based dye as 
a sensitizer, and I-/I3- as the redox pair, to prepare DSSCs. Their device achieved a 
remarkable conversion efficiency larger than 7%.8 
 
In the following decades, research on DSSCs has included synthesizing new 
materials for every constituent component, optimizing preparation conditions, and 
establishing theoretical models. Recently, DSSCs conversion efficiencies greater than 
13% have been accomplished.9 Taking their relatively low production costs and their 
low environmental impact into account, DSSCs may represent a viable alternative to 
replace both fossil fuels and silicon-based solar cells on a large commercial scale. 
 
1.2.2 The working principles of DSSCs 
DSSCs consist of the following components (Figure 1.3a): a photoanode (the dye-
sensitized porous films of the semiconductor), the electrolyte (solvent with a redox 
couple), and a counter electrode (thin films with different catalyst materials). 
The working principles of DSSCs include the following physical and chemical 
processes: (i) absorption of photons, (ii) photo-generation of carriers, (iii) separation 
of photo-induced electron-hole pairs, (iv) transportation and recombination of 
carriers, and (v) collection of carriers from the external circuit.  
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In contrast to traditional P-N junction solar cells, the photo-generation and 
transmission of carriers may occur in different places within the DSSCs. Photo-
generated carriers are obtained from the initial absorption of light by the dye 
molecules, and populate the excited energy levels of the dye molecules, before they 
are transferred to the conduction band (CB) of the semiconductor.  
 
                (a)                                 (b) 
Figure 1.1. (a) Schematic structure of DSSCs. (b) Schematic working principle of 
DSSCs. 
 
Figure 1.1(b) shows the working process in DSSCs in terms of the energy levels of 
electrons in all components of the DSSC, as well as the complete working cycle in a 
DSSC. Initially, the electrons in the highest occupied molecular orbital (HOMO) of 
the dye molecules absorb a dye-specific range of wavelengths of the sunlight 
spectrum. Sufficient energy provided, the electrons are promoted into the lowest 
unoccupied molecular orbital (LUMO) (process 1). Subsequently, these excited 
electrons are injected into the CB of the semiconductor, a process that probably 
occurs on the femtosecond time scale (process 3).13 Electrons in the LUMO may also 
return to the ground state (process 2), but this process occurs on the nanosecond time 
scale (20-60 ns).10 As process 2 is several orders of magnitude slower than process 3, 
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it is feasible to assume a virtually quantitative injection of excited electrons from the 
LUMO of the dye molecules to the CB of the semiconductor. The electrons that are 
injected from the LUMO of the dye to the CB of the semiconductor are collected by 
the conductive glass and subsequently fed into the external circuit by diffusion. Some 
electrons in the CB may return to the ground state (process 4), or change the oxidation 
state of redox electrolyte (process 5), whereby the time scale of both processes is 
comparable to the rate of transmitting electrons to the external circuit. The efficiency 
of the exportation of electrons is therefore decreased by processes 4 and 5.10-11 The 
return of the excited electrons to the HOMO of the dye molecules (process 4), 
generates holes in the LUMO, which leads to an oxidation of the redox electrolyte 
(process 6). The redox electrolyte can also be reduced by electrons from the external 
circuit (process 7) at the interface of the counter electrode, which catalyzes the 
reduction.  
 
The following reaction equations describe the aforementioned processes and 
indicate their individual time scales (I-/I3- is treated as a redox pair):10-11  
Process 1: Light-induced excitation of electrons (HOMOLUMO).  
TiO2|dyeo+hν → TiO2|dye* (10-15 s) 
Process 2: De-excitation of dye molecules.  
dye* → dyeo (10-8 s) 
Process 3: Injection of electrons into the CB of the semiconductor. 
TiO2|dye* → TiO2|dye+ + e- (10-13-10-11 s) 
Process 4: Recombination of electrons from the CB of TiO2 to the HOMO of the dye. 
TiO2|dye+ + e- → TiO2|dyeo (10-4 s) 
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Process 5: Recombination of electrons from the CB of TiO2 to the electrolyte (I3-). 
I3-+ 2 e- → 3 I- (10-2 s) 
  Process 6: Reduction of the dye molecules by the electrolyte (I-). 
TiO2|dye+ + 3 I- → TiO2|dyeo + I3- (10-6-10-5 s) 
Process 7: Reduction of the electrolyte (I3-) by electrons from the external circuit.12 
I3- + 2 e- → 3 I- (10-10 s) 
     
1.2.3 Evaluation parameters for the performance of DSSCs 
In order to compare and evaluate performances of different solar cells, all 
parameters should be measured under identical test conditions. Therefore, 
international standard test conditions have been defined as air mass (AM) 1.5, i.e., 
100 mW/cm2 at 25 C.  
 
  
               
 
 
 
 
 
 
 
 
Figure 1.2. Geometric scheme to calculate the air mass (AM). 
CHAPTER 1 INTRODUCTION                                      7                                                                    
 
 
In Figure 1.2 illustrates the geometric basis for AM1.5: the line ZO, which is 
perpendicular to sea level, is defined as AM1.0. When the incident angle of the 
sunlight includes an angle θ relative to ZO (line SO), the corresponding AM equals 
SO / ZO. For example, AM = 1.5 for θ = 48.2o, which is written as AM1.5. According 
to the American Society for Testing and Materials, in the solar irradiation spectrum 
under AM1.5, the energy density of the sunlight in the wavelength range 280-4000 
nm is 1000.4 W/m2. To facilitate the calculations and unity, AM1.5 irradiation 
intensity is defined as 1000 W/m2 or 100 mW/cm2, and used as the standard for solar 
light intensity measurements. 
 
The photovoltaic performance of solar cells is generally characterized by five main 
parameters: (1) the short-circuit photocurrent density (JSC), (2) the open-circuit 
photovoltage (VOC,), (3) the fill factor (FF), (4) the photoelectric conversion 
efficiency (PCE; η), and (5) the incident-photon-to-current conversion efficiency 
(IPCE). 
(1) The JSC (mA/cm2) refers to the current when the solar cell is in the short-circuit 
state under sun light.  
(2) The VOC (mV) refers to the voltage when the solar cell is in the open-circuit state 
under sun light. 
(3) The FF is defined by: 
FF =
P୫
Jୗେ × V୓େ
 (eq 1.1) 
wherein Pm is the maximum working power of the solar cell. 
(4) The PCE is defined by:                           
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η =
P୫
P୬
=
Jୗେ × V୓େ × FF
P୬
    (eq 1.2) 
 wherein Pn is the incident power. 
(5) The IPCE refers to the ratio between the electron output of the external circuit and 
the photons that the incident monochromatic light (wavelength λ) radiates to the cell 
surface. This ratio is sometimes also defined as the external quantum efficiency. 
                    IPCE = ୒౛(஛)
୒౦(஛)
= ଵ.ଶହ×୎౏ి(୫୅/ୡ୫ଶ)
஛(୬୫)×୔೔೙(୫୛/ୡ୫ଶ)
  (eq 1.3) 
wherein Ne is the number of electrons for the output of the external circuit, Np the 
number of photons that the incident light radiates, and Pin the incident light intensity. 
 
In DSSCs, the IPCE can be understood as a product of the light-harvesting 
efficiency (LHE; λ), i.e., the efficiency of the absorption of photons by sensitizer, the 
electron-injection efficiency (Фinj), i.e., the efficiency of injection of electrons from 
the sensitizer to the CB of the semiconductor, and the electron-collection efficiency 
(ηEC), i.e., the efficiency of the collection of electrons by the conductive substrate. 
Furthermore, the product of Фinj and ηEC can be defined as the electron-transfer rate 
(Ф(λ)ET): 
IPCE = LHE(λ) × Ф୧୬୨ × η୉େ = LHE(λ) × Ф(λ)୉୘ (eq 1.4) 
  
1.3 Metal-free dyes 
1.3.1 Principal properties required for DSSC dyes 
As the engine of the DSSCs, the dye molecules are required to exhibit several 
properties that should facilitate a good device performance for practical usage: (1) the 
absorption spectrum of the dye should be similar to the solar spectrum, and as broad 
as possible to cover at least the UV-visible region and part of the near-infrared region 
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(NIR); (2) the electronic energy level of the LUMO of the dye molecule should be 
higher than that of the CB of the n-type semiconductor so that the photon-excited 
electron can be injected into the semiconductor; (3) the electronic energy level of the 
HOMO of the dye molecule should be lower than that of the redox potential of the 
electrolyte so that the oxidized dye molecule can be regenerated; (4) the injection rate 
of electrons from the LUMO to the n-type semiconductor must be greater than the 
sum of the recombination rate of the electrons from the n-type semiconductor to the 
HOMO and the dye molecule de-excitation rate; (5) the structure of the dye molecule 
should contain anchoring groups, e.g. carboxyl (-COOH), sulfonate (-SO3H), 
phosphonate (-PO3H2), or pyridyl (-C5H4N) groups in order to promote strong 
adsorption and efficient electron injection between the dye molecule and the surface 
of the n-type semiconductor; (6) the structure of the dye molecule should contain a 
bulky molecular fragment, such as a phenyl or a long alkyl group in order to avoid 
aggregation on the surface of the n-type semiconductors; (7) the dye should exhibit 
good photochemical, electrochemical, and thermal stability to retain the performance 
of the DSSC devices under testing and working conditions. 
 
1.3.2 Structures of metal-free dyes in DSSCs  
Currently, the most widely employed dyes in DSSCs contain metals, and especially 
Ru-based chromophores, such as N719, N3, and N749 (Black Dye) can easily obtain 
conversion efficiency values of 7-11%.13 In this context, it should be noted that N719 
is currently regarded as the industry standard9a, 14 and as a benchmark for conversion 
efficiency (N719 = 10%).13b However, a recent study has demonstrated that Zn-based 
porphyrin sensitizers (Figure 1.5) exhibit conversion efficiency values of up to 13%.9a 
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Figure 1.3. Chemical structures of the porphyrin sensitizers SM371 ( = 12%) and 
SM315 ( = 13%).9a 
 
An intrinsic drawback of sensitizers based on late transition metals such as 
ruthenium is that they usually are expensive and that their availability is limited. In 
general, metal-based dyes are also limited by their complex purification and synthesis, 
as well as their relatively low molar extinction coefficients. Therefore, organic metal-
free dyes have recently received increased attention. 
 
Metal-free dyes are especially attractive with respect to their low cost, structural 
flexibility, and high molar extinction coefficients.15 The typical structure of metal-free 
DSSC dyes contains three constituent components: an electron donor (D), a π-
conjugated bridge, and an electron acceptor (A). Under illumination, electrons are 
excited and transferred from the donor (D) to the acceptor (A) via the π-conjugated 
bridge (D-π-A-type dyes). Subsequently, the electrons are injected into the n-type 
semiconductor film as a result of the coupling between the Ti-based 3d orbitals and 
CHAPTER 1 INTRODUCTION                                      11                                                                    
 
 
the LUMO of the dye molecules. 
 
 
 
Figure 1.4. (a) Schematic illustration of a generic D-π-A-type dye. (b) Chemical 
structure of carbazole-based dye MK-3.16 
 
1.3.3 Typical examples of donors, π-conjugated bridges, and 
acceptors in DSSC dyes 
Electron donors (D) not only affect the molecular absorption, but are also 
responsible for suppressing charge recombination, adjusting energy levels, avoiding 
aggregation, and maintaining long-term stability.17 Various organic groups have been 
used as donors, e.g. fluorine,18 coumarin,19 indoline,20 cyanine,21 merocyanine,21 
hemicyanine,22 carbazole,16 perylene,23 triarylamine,24 and xanthene.25 Among these 
donor groups, the most commonly employed is triphenylamine (TPA). Dye Y123, 
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which contains a phenyldihexyloxy-substituted TPA (DHO-TPA) as a donor, has been 
reported by Grätzel et al.24b and exhibits an device efficiency of 10.3%. This value is 
so far the highest reported for a metal-free DSSC dye when using a cobalt-based 
redox pair. Wang et al. have reported the substituted TPA dye C219, which obtained 
an efficiency of 10.3% using an iodine/iodide redox shuttle.24a The excellent 
performance of such TPA-based dyes is caused not only by the strong electron-
donating properties, but also by the steric demand of the skeleton that successfully 
suppresses charge-carrier recombination and aggregation.  
 
The π-conjugated bridge should effectively transfer electrons from the donor to the 
acceptor and facilitate charge separation upon excitation.26 To further improve the 
performance of such π-bridges, they can be modified to tune the energy levels of the 
HOMO and LUMO,27 enhance the light harvesting,13a and comprise both electron-rich 
(e.g. benzene,28 fluorene,29 thiophene,16 furan,30 and pyrrole31) and electron-deficient 
(e.g. benzothiadiazole,32 quinoxaline,33 benzotriazole,34 diketopyrrolopyrrole,35 and 2-
thiazole36) moieties. One of the most commonly used π-bridge components is 
thiophene. Hagfeldt et al.27c have discovered that increasing the number of π-
conjugated thiophene units can enhance the spectral response. A systematic study of 
the light-absorption properties, energy levels, and photovoltaic performance of 
varying thiophene linkers has been reported by Wang et al.37 Several studies have 
investigated electron-deficient benzoselenadiazoles,32, 38 while Lin et al. have 
developed the first example of a benzothiadiazole-containing sensitizer that reached a 
conversion efficiency of 71% relative to that of a standard DSSC based on N3.38a 
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In most cases, the electron acceptor (A) also acts as the anchor, which guarantees a 
high injection rate and a strong binding between the sensitizer and the 
semiconductor.39 Compared to the donor and the π-conjugated bridge, fewer groups 
are employed as acceptors/anchors. Commonly used acceptors are cyanoacrylic, 
carboxylic, phosphonic, or sulfonic acid, as well as pyridine.40 Among these, 
cyanoacrylic acid is most frequently used, as systematic theoretical and experimental 
studies on this moiety have demonstrated its excellent injection and low propensity to 
facilitate recombination.41   
 
1.4 Other DSSC components 
1.4.1 Photoanode 
The photoanode comprises a transparent conductive glass substrate and a dye-
sensitized semiconductor film, on which electrons are transferred to the external 
circuit. Metal oxides, such TiO2, ZnO, ZrO2, Al2O3, and Nb2O5 have been used as 
materials for such semiconducting films,42 with TiO2 being the most commonly used 
material in this area due to its low cost and environmental compatibility.  
 
Initially, single layers of TiO2 were used,7b but mesoporous films afford 
significantly improved DSSC conversion efficiencies.8 As the morphology of the TiO2 
layer does affect the device performance, different dimensional nanostructures have 
been tested (e.g. nanotubes,43 nanowires,44 nanorods,45 or hierarchical beads46) in 
order to maximize the surface area and increase the conductivity in the direction 
ofelectron transport.  
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1.4.2 Electrolyte 
The DSSC electrolyte is usually composed of a redox couple, organic solvent, and 
conductive additive(s). The redox couple plays an important role in transferring 
electrons from the counter electrode, and in reducing oxidized dye molecules for dye 
regeneration. The iodide/triiodide (I-/I3-) pair is the most commonly used redox couple 
in DSSCs, due to its suitable redox potential, rapid dye regeneration, and slow 
electron recombination properties,47 and this couple has therefore also been chosen for 
the experimental work conducted in this thesis. Nevertheless, new redox couples are 
also constantly investigated in order to match specific dyes. One example for the 
success of this approach is the previously mentioned cobalt(II/III) redox shuttle, with 
which a Zn-porphyrin-based DSSC device accomplished a conversion efficiency of 
13%.9a 
 
1.4.3 Counter electrode (CE) 
The counter electrode consists of a catalytic layer on a conductive substrate, such as 
a transparent conductive oxide glass or a Ti sheet. The function of the counter 
electrode is to collect the electrons from the external circuit and to catalyze the 
reduction of the redox pair in the electrolyte. Platinum is the most commonly used 
and efficient material for this purpose; however, to decrease the device costs, carbon 
materials have been widely investigated.48 As the CE is not the focus of the thesis, 
thermally deposited Pt CEs have been used for all experiments.   
 
1.5 Outline of this thesis  
In this thesis, the structure-property relationships of several classes of dyes have 
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been investigated by experimental and computational means. 
 
Chapter 2 describes the research methods used in this thesis, which include cyclic 
voltammetry, UV-vis, emission, and electrochemical impedance spectroscopy 
(experimental), as well as density functional theory (DFT; theoretical). 
 
Chapter 3 discusses a new class of quinodimethene-based dyes, which was 
investigated by UV-vis and fluorescence spectroscopy, as well as cyclic voltammetry 
in order to characterize its optical and electrochemical properties. Subsequently, these 
dyes were used in DSSC devices to validate their potential in photovoltaic 
applications. DFT calculations were used to theoretically examine the electronic 
structures of the dyes in different states. The final results showed that in the 
quinodimethene structure, a rotation of a phenyl ring in the excited state suppresses 
the electron recombination, which leads to an improved photovoltaic performance.  
 
Chapter 4 is centered on the well-known organic carbazole-based dye MK-2 and 
its simpler analogue MK-44, which were studied by UV-vis spectroscopy to compare 
the different binding modes. The results revealed that both MK-2 and MK-44 are 
deprotonated after anchoring onto the TiO2 surface. Moreover, a change of binding 
mode for MK-44 in the presence of lithium ions was investigated by constructing 
different models to support the results from an X-ray reflectometry study. 
Furthermore, an additional intramolecular charge-transfer path including an S···CN 
interaction was experimentally discovered by an X-ray diffraction study, and 
theoretically supported by DFT calculations. 
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Chapter 5 is concerned with the highly efficient organic dye RK1 ( = 10.20%), 
which was investigated by means of UV-vis and fluorescence spectroscopy to 
characterize its optical properties in solution and upon adsorption onto TiO2 films. 
The binding mode of RK1 was theoretically examined by DFT calculations, which 
showed a desirable hypsochromic shift of its excitation, and that the bidentate 
bridging mode is most stable in terms of adsorption energy. 
 
Chapter 6 discusses computational work performed on N749 (Black Dye) to 
compare the energies of varying conformations that differ with respect to the 
deviation of the NCS ligands from linearity. Subsequently, pKa values in solution 
were calculated for N749 and N3 by DFT methods using an implicit method. 
Compared to the experimental results, the implicit method showed good agreement 
for deprotonated species with low levels of charges, but an increasing discrepancy for 
charged species that carry high levels of negative charge. Therefore, an explicit-assist 
method was used for N3, and the thus obtained pKa values exhibited an even smaller 
deviation from the experimental values for charged species with low levels of charges, 
albeit that the discrepancy of charged species that carry high levels of negative charge 
remained. 
 
Chapter 7 contains the conclusions of this thesis and offers an outlook on future 
work based on the results of this thesis. 
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Chapter 2  
 
Research Methods 
In this chapter, most research methods used in this thesis, including experimental 
methods such as UV/vis and fluorescence spectroscopy, cyclic voltammetry, and 
electrochemical impedance spectroscopy, as well as computational methods such as 
density functional theory (DFT) are introduced, and their background, basic 
principles, and applications are discussed. The introduction of the quantum theory of 
atoms in molecules (QTAIM) is introduced in Chapter 4. The theory of 
computationally calculating and experimentally measuring acid dissociation constants 
(pKa) are discussed in Chapter 5. The device fabrication of dye-sensitized solar cells 
is described in Appendix A. 
  
2.1 UV/vis spectroscopy 
UV/vis spectroscopy refers to absorption or reflectance spectroscopy in the UV/vis 
spectral region (250 – 750 nm), which includes light in the visible, near-UV, and near-
IR regions. All UV/vis absorption spectra in this thesis were recorded in absorption 
mode on a Cary 100 UV-Vis spectrophotometer with 10 nm slits. In this mode, a 
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monochromatic beam passes through the sample and is then measured by the detector 
opposite the source of the beam. The absorption spectra are obtained from the 
recorded initial intensity (I0), the final intensity (I), and a reference background. The 
absorbance of the sample is quantitatively described by the Beer-Lambert law:49 
                           A = logଵ଴
ூబ
ூ
= ε ∙ c ∙ L                 (eq. 2.1) 
where A is the measured absorbance, c the concentration of the absorbing substance, L 
the path length through the sample, and the ε the molar absorptivity(L mol-1 cm-1). 
The molar absorptivity or extinction coefficient is an important parameter to evaluate 
absorption properties under specific conditions. 
 
Figure 2.1 Schematic illustration of common types of electronic transitions. 
 
In general, four types of electron transitions can be investigated for organic dyes by 
UV/vis spectroscopy: σ-σ*, n-σ*, π-π*, and n-π* transitions. Among these, σ-σ* 
transitions exhibit the highest excitation energy, and their maximum absorption 
wavelength usually appears at λmax ~ 150 nm, which is at the far end of the UV region 
and thus almost outside the reach of the UV/vis spectrophotometer. Accordingly, 
chemicals that exhibit only σ-σ* transitions such as such as n-hexane and n-heptane 
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can be used as solvents in UV/vis measurements. Organic molecules that contain 
heteroatoms such as N, O, S, or halogen atoms often exhibit n-σ* transitions. The 
excitation energy of the n-σ* transitions is smaller (λmax < 200 nm) than that of the σ-
σ* transitions, and these values can be hypsochromically shifted depending on the 
electronegativity of the heteroatom. Generally, the molar extinction coefficient of this 
transition is relatively weak (ε ~ 100-300 L mol-1 cm-1). Chromophores that contain 
multiple bonds usually exhibit π-π* transitions (λmax ~ 200 nm; ε ~ 104 L mol-1 cm-1). 
In structures with conjugated multiple bonds, the π-π* transition is also called K-
band. Due to the conjugation, the π* orbital exhibits increased bonding character, 
which is commensurate with a lower orbital energy and a bathochromic shift of λmax. 
The conjugation of multiple bonds also increases the absorption cross section, which 
in turn increases ε. Organic molecules that contain heteroatoms usually also exhibit n-
π* transitions (λmax ~ 200-300 nm). Compared to the transitional probability of π-π* 
transition, that of n-π* transitions is relatively low, which is reflected in the ε values 
(~10-100 L mol-1 cm-1). 
 
In terms of charge transfer, excitation can be classified by local excitation (LE) and 
charge-transfer excitation (CT). LE is characterized by the absence of an obvious 
change of charge distribution after the electron is excited. Given its name, one might 
easily assume that LE is locally confined; however, that is not the case: for example, 
if the charge distribution remains almost unchangedover the entire molecular structure 
before and after the electron excitation, this can also be regarded as LE. In contrast, 
CT refers to the charge transfer between either different entities in a single molecule 
(intramolecular charge transfer) or different molecules (intermolecular charge 
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transfer). For some systems, e.g., transition-metal complexes, LE and CT can be 
furthermore subdivided, i.e., LE can be classified as a metal-centered transition (MC) 
or as a ligand-centered transition (LC). Conversely, CT can be classified into metal-
to-metal charge transfer (MMCT), ligand-to-ligand charge transfer (LLCT), metal-to-
ligand charge transfer (MLCT), and ligand-to-metal charge transfer (LMCT).   
 
In this thesis, UV/vis absorption spectra of various dyes were obtained either in 
solution or in the solid state upon adsorption onto TiO2 films on fluorine-doped 
transparent oxide (FTO) glass. The absorbance data of the solution spectra were 
normalized using the Beer-Lambert law (cf. eq 2.1). For the dyes investigated in this 
thesis that exhibit π-conjugation, special attention was focused on their π-π* 
transitions and intramolecular charge transfer (ICT). 
 
2.2 Fluorescence spectroscopy 
All fluorescence spectra in this thesis were recorded in emission mode on a Cary 
Eclipse fluorescence spectrophotometer with a slit width of 20 nm. In this working 
mode, a monochromatic beam illuminates the sample, which excites the electrons in 
the sample and causes them to emit light (fluorescence); the intensity of the emitted 
light is recorded by a detector in all directions. While the excitation light remains at a 
constant wavelength, the different wavelengths of fluorescent light emitted by the 
sample are measured (emission spectrum). Fluorescence spectroscopy can 
furthermore be conducted in two additional modes that are not presented in this thesis: 
(i) excitation spectra are recorded with a constant emission light by scanning different 
wavelengths; (ii) emission maps are obtained from recording the emission spectra 
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caused by a range of excitation wavelengths and combining them with a 3D data set, 
i.e., the emission intensity as a function of excitation and emission wavelengths. 
 
For the fluorescence, a photon (hυex) from an external source is absorbed by the 
sample, forming an excited singlet state (S’1) that exists for a finite time. During its 
relaxation time, a conformational change is accompanied by the formation of a new 
singlet state (S1) at lower energy. Other processes such as collisional quenching, 
fluorescence resonance energy transfer (FRET), and intersystem crossing (ISC) may 
also occur during relaxation. Finally, a photon (hυem) with lower energy than that of 
the absorbed photon is emitted from S1 to S0, and the energy difference hυex – hυem is 
called the Stokes shift. 
 
 
Figure 2.2 Jablonski diagram for the processes involved in the creation of an excited 
electronic singlet state (S’1) by optical absorption and the subsequent emission 
(fluorescence). 
 
In this thesis, the emission spectra of various dyes in solution were recorded. 
Excitation wavelengths were chosen based on their respective first absorption 
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wavelength in their UV/vis spectra. All emission data were normalized relative to 
their respective charge-transfer bands. Combined with the UV/vis spectra, the Stokes 
shift is an important analytic tool for the examination of the optoelectronic properties 
of chromophores, given that the Stokes shift is related to the relaxation time, as well 
as to the reorganization of the geometry of the excited state and the solvent. 
 
2.3 Cyclic voltammetry (CV) 
In a typical cyclic voltammetry experiment, the intensity of the working electrode 
current is recorded by scanning a range of voltages. In this thesis, all cyclic 
voltammograms were recorded using an Autolab chemical workstation. 
 
The experimental setup is based on the so-called three-electrode setup, which 
includes a reference electrode [Ag/AgCl; 0.197V vs standard hydrogen electrode 
(SHE)], working electrode (glassy carbon electrode), counter electrode (platinum 
sheet), and the electrolyte. The latter consists of the sample to be tested in the solvent 
of choice ([sample] = 0.05 mM) and 0.1 M [n-Bu4N][ClO4] as the supporting 
electrolyte.  
 
The analyte has to be redox active within the experimental potential window in 
order to record reversible or irreversible wave plots during the voltage scan. Upon 
increasing the voltage from the starting point (0 V), one electron of the analyte is 
removed from the highest occupied molecular orbital (HOMO), which is 
commensurate with an oxidation. Upon reversion the voltage (backward scan), the 
analyte is reduced again, provided that the oxidized form of the analyte is stable on 
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the CV time scale. When the initial scan occurs in negative direction, the analyte is 
reduced, i.e. one electron is deposited into the lowest unoccupied molecular orbital 
(LUMO) before the thus reduced form of the analyte is oxidized upon reversing the 
scan.  
Figure 2.3 Schematic illustration of the oxidation and reduction during CV 
measurements. 
 
The energy levels of the HOMO and LUMO can be calculated using the following 
equations:    
 
Eୌ୓୑୓ = −൫E୭୶ ୴ୱ୅୥ ୅୥େ୪⁄ − E୅୥ ୅୥େ୪⁄   ୴ୱ ୗୌ୉ − Eୗୌ୉  ୴ୱ ୴ୟୡ୳୳୫൯ eV (eq 2.2) 
E୐୙୑୓ = −(E୰ୣୢ ୴ୱ୅୥ ୅୥େ୪⁄ − E୅୥ ୅୥େ୪⁄   ୴ୱ ୗୌ୉ − Eୗୌ୉  ୴ୱ ୴ୟୡ୳୳୫) eV      (eq 2.3) 
 
Where Eox vs Ag/AgCl/Ered vs Ag/AgCl is the onset of the oxidation/reduction peak in the CV 
curves, and ESHE vs vacuum = 4.5 V. To get a more precise CV result, the 
ferrocenium/ferrocene (Fc/Fc+) redox couple is commonly used as an internal or 
external standard to calibrate the measurement system, as the oxidation and reduction 
of Fc/Fc+ involves a stable single-electron process.50 In this thesis, Fc/Fc+ is used as 
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an external standard and the thus obtained calibration term Δcorrection is introduced 
into the equations: 
∆correction = 𝐸ி௖/ி௖శ
௘௫௣ − 𝐸ி௖/ி௖శ
௥௘௙    (eq 2.4) 
Eୌ୓୑୓
= −൫E୭୶ ୴ୱ.୅୥ ୅୥େ୪⁄
− E୅୥ ୅୥େ୪⁄   ୴ୱ ୗୌ୉
− Eୗୌ୉  ୴ୱ ୴ୟୡ୳୳୫
− ∆correction൯eV 
                                                                   (eq 2.5) 
E୐୙୑୓ = −൫E୰ୣୢ ୴ୱ.୅୥ ୅୥େ୪⁄ − E୅୥ ୅୥େ୪⁄   ୴ୱ ୗୌ୉ − Eୗୌ୉  ୴ୱ ୴ୟୡ୳୳୫ − ∆correction൯eV 
                                                                   (eq 2.6) 
 
where 𝐸ி௖/ி௖శ
௘௫௣  is the average experimentally measured oxidation/reduction potential, 
while 𝐸ி௖/ி௖శ
௥௘௙  refers to the commonly used reference values of Fc/Fc+ under specific 
conditions. 
 
2.4 Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) is a powerful electrochemical tool 
that uses a small alternating current (ac) as a perturbation. For a stable linear system 
S, an input ac voltage V̂ (ω) is applied at an angular frequency, ω, and the ac response 
current of the system, Î (ω), is recorded by a chemical work station. The impedance is 
defined by: 
Z(ω) =
Vƹ (ω)
Î(ω)
 (eq 2.7) 
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where all quantities are complex amplitudes of ac perturbations and the symbol ‘hat’ 
refers to a very small perturbation. As Z (ω) is a complex quantity, it can also be 
expressed by: 
Z(ω) = Z′(ω) + 𝑗Z′′(ω) (eq 2.8) 
The Nyquist plot, in which the impedance is a vector with its real and imaginary 
parts chosen as the x- and y-axes, respectively51, is a predominant method to illustrate 
impedance. During an impedance measurement, the system is kept at a fixed steady 
state by imposing stationary constraints such as a specific dc voltage and illumination 
density, before a small ac voltage is imposed onto the system. Z(ω) is then measured 
by scanning the frequency at a multitude of values, typically ranging from 10 mHz to 
100 MHz.  
 
The EIS spectrum of a DSSC may offer information on several important processes 
including charge transfer, transport, and accumulation:52 
(i) charge transport may occur by electron diffusion in the TiO2 film and ionic 
diffusion in the electrolyte; 
(ii) charge transfer may occur by electron recombination at the FTO/electrolyte 
interface and by recombination at the TiO2-adsorbed dye/electrolyte interface, 
and by regeneration of the redox species at the TCO-Pt/electrolyte interface;  
(iii) charging of the capacitive elements in the cells including the interfaces, the 
conduction band, and surface states of the porous TiO2 film. 
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Figure 2.4 The equivalent-circuit diagram of all the components in a DSSC during an 
electrochemical impedance spectroscopy measurement.53 All capacitance elements in 
the circuit are constant-phase elements (CPE). 
 
To simulate the processes that occur in DSSCs during EIS measurements, the use of 
an equivalent-circuit diagram has been proposed,53 and electrical elements have been 
adopted to illustrate the behavior of the DSSC system during the EIS measurements. 
The pure resistance, RS, is the resistance of the system. The RC sub-circuit composed 
of RCT-TCO and CTCO represents the charge-transfer resistance and double-layer 
capacitance at the TCO/electrolyte interface; the RC sub-circuit composed of RCO and 
CCO represents the charge-transfer resistance and capacitance at the TCO/TiO2 
interface; the RC sub-circuit composed of RCT-Pt and CPt represents the charge-transfer 
resistance and double-layer capacitance at the  electrolyte/Pt-TCO interface; Zd is a 
Warburg element describing Nernst diffusion in the electrolyte; rt is the resistance of 
TiO2 in the film, while rct and cμ represent the resistance and capacitance at the 
surface of each dye/TiO2 particle and electrolyte, and this part can be simplified to the 
circuit below: 
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Figure 2.5 A simplified equivalent circuit of the charge-transfer process occurs at the 
dye-TiO2/electrolyte interface (RCT-dyed-TiO2: resistance at the dye-TiO2/electrolyte 
interface; Cdyed-TiO2: capacitance at the dye-TiO2/electrolyte interface). 
 
Typically, EIS spectra of DSSCs are measured under two constraints, under 
illumination at a certain intensity or under a forward bias, which is normally the open-
circuit voltage (VOC) of the device. For under illumination, the DSSC is in its working 
state. Compared to the large contact area between the porous TiO2 film and the 
electrolyte, the TCO/electrolyte area is relatively small so that the charge transfer 
should proceed predominantly via the dye-TiO2/electrolyte pathway and the effect of 
TCO/electrolyte can be neglected. Furthermore, the impedance of TCO/TiO2 is very 
small and its frequency response band overlaps with the impedance of TCO-
Pt/electrolyte. Thus, the equivalent circuit under these conditions can be simplified to 
RS(RCT-dyed-TiO2 Cdyed-TiO2) (RTCO-Pt/electrolyte CTCO-Pt/electrolyte) Zd , which is shown as 
follow: 
 
Figure 2.6 A simplified equivalent circuit under illumination. 
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The Nyquist plot of this model consists of three semicircles. In the high-frequency 
region, the intercept of the Z’ axis is the value of RS, and the first semicircle in this 
region represents the impedance of the TCO-Pt/electrolyte interface. The semicircle in 
the middle represents the recombination process at the dye-TiO2/electrolyte interface. 
The last semicircle, which is in the low-frequency region describes the response of the 
Warburg element, i.e., the ion diffusion in the electrolyte. 
Figure 2.7 Nyquist plots under (a) illumination and (b) forward bias. 
As the frequency-response region of the TCO/electrolyte and TCO-Pt/electrolyte 
are similar, their two semicircles cannot be separated and only one semicircle can be 
observed in the high-frequency region. As previously mentioned, the semicircle in the 
low frequency region is the Warburg impedance. 
 
For measurement under a forward bias, the electron will transfer from reduced 
analyte in the electrolyte to TCO. Since the charge density of TiO2 film is quite small 
under the forward bias, the TiO2 film is almost insulated, the RC sub-circuit of dyed-
TiO2/electrolyte is almost open. Thus, the charge transfer at TCO/electrolyte is the 
main path way and the whole equivalent circuit can be simplified as RS (RTCO/electrolyte 
CTCO/electrolyte) (RTCO-Pt/electrolyte CTCO-Pt/electrolyte) Zd : 
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Figure 2.8 Simplified equivalent circuit under forward bias. 
 
As the frequency response region of TCO/electrolyte and TCO-Pt/electrolyte are 
similar to each other so that their two semicircles cannot be separated and only one 
semicircle can be observed in the high frequency region. And as mentioned above, the 
semicircle in the low frequency region is the Warburg impedance. 
 
In this thesis, only EIS spectra under a forward bias were recorded in order to 
compare different recombination processes of the devices in the dark state. 
 
2.5 Density functional theory (DFT) and time-dependent density 
functional theory (TDDFT) methods 
2.5.1 General considerations for DFT methods  
Density Functional Theory (DFT) is a quantum-chemistry method commonly used 
to investigate properties of electronic structures of many-body systems, especially for 
atoms, molecules, and solids. The main concept of this theory is based on replacing 
the electron wavefunction, with 3N coordinates, by functionals of electron density, 
with only 3 coordinates, to describe an N-electron system. Thus, the computational 
cost of the calculations can be greatly reduced, while the accuracy of the results is 
maintained.  
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The theoretical foundation of DFT, the so-called Hohenberg–Kohn (H-K) theorems, 
was developed by Hohenberg and Kohn in 1964.54 The original H-K theorems were 
concerned exclusively with non-degenerate ground states in the absence of a magnetic 
field, albeit that more generalized theorems were developed thereafter.55 The first H-K 
theorem demonstrates that the ground-state properties of a many-electron system are 
determined by the electron density. The second H-K theorem defines an energy 
functional for the system, and proves that the minimum of this energy functional 
represents the correct electron density of the ground state. 
 
2.5.2 Kohn-Sham (K-S) equation 
For practical applications of DFT, Kohn-Sham (K-S) DFT methods are commonly 
used, which simplify a many-body problem of interacting particles (typically 
electrons) in a static external potential to a problem of non-interacting particles 
moving in an effective potential. The latter system is called the K-S system, and has 
the same density as its corresponding system with interacting particles. 56 
 
In the K-S system, the wavefunction of particles is a single Slater determinant 
constructed from a set of orbitals (K-S orbitals) that represent the lowest-energy 
solutions to: 
ቆ− ħ
మ
ଶ௠
∇ଶ + 𝑣ୣ୤୤(𝒓)ቇ = 𝜀௜𝜑௜(𝒓)               (eq 2.9) 
where εi is the orbital energy of the corresponding K-S orbital, φi. The density of this 
N-particle K-S system is defined as:  
𝜌(𝒓) = ∑ |𝜑௜(𝒓)|ଶே௜                      (eq 2.10) 
The effective potential, veff (r), in which the non-interacting particles move, is 
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called K-S potential and expressed as:   
𝑣ୣ୤୤(𝐫) = 𝑣௘௫௧(𝒓) + 𝑒ଶ ∫
ఘ(𝒓ᇱ)
|𝒓ି𝒓ᇱ|
𝑑𝒓′ + ఋா೉಴[ఘ]
ఋఘ(𝒓)
          (eq 2.11) 
where vext is the external potential acting on the interacting system. For e.g. a 
molecular system, the external potential should be the electron-nuclei interaction. EXC 
represents the exchange-correlation energy. 
 
2.5.3 Exchange-correlation functionals 
The major problem of the K-S equation is that the exact functional for exchange 
and correlation is unknown (except for a free electron gas). To circumvent this 
obstacle, the implementation of some approximations is necessary. One of the most 
commonly used approximations is the so-called local-density approximation (LDA), 
in which the exchange-correlation energy depends exclusively on the density:     
𝐸௑஼௅஽஺[𝜌] = ∫ 𝜖௑஼(𝜌)𝜌(𝒓)𝑑𝒓                 (eq 2.12) 
where 𝜖௑஼ is the exchange-correlation energy per particle of a homogeneous electron 
gas of charge density ρ. 
 
The local-spin-density approximation (LSDA) is a modification of the LDA including 
the electron spin: 
𝐸௑஼௅ௌ஽஺ൣ𝜌ఈ, 𝜌ఉ൧ = ∫ 𝜖௑஼(𝜌ఈ, 𝜌ఉ)𝜌(𝒓)𝑑𝒓          (eq 2.13) 
where ρα and ρβ represent the charge density of the corresponding electron spin. 
 
To render these approximations more realistic, i.e., closer to a inhomogeneous system, 
generalized gradient approximations (GGAs) have been used, and these depend on the 
gradients of the charge density:57 
CHAPTER 2 REASEARCH METHODS                               32                                                                    
 
 
𝐸௑஼ீீ஺ൣ𝜌ఈ, 𝜌ఉ൧ = ∫ 𝜖௑஼(𝜌ఈ, 𝜌ఉ , 𝛁𝜌ఈ , 𝛁𝜌ఉ)𝜌(𝒓)𝑑𝒓           (eq 2.14) 
Furthermore, hybrid functionals, which represent an approximation that 
incorporates a fraction of exact exchange from Hartree–Fock theory, have been 
successfully used to calculate the properties of organic molecules.58 Commonly used 
hybrid functionals include the Becke-3-parameters-Lee-Yang-Parr (B3LYP) hybrid 
functional,59 the Coulomb-attenuating Becke-3-parameters-Lee-Yang-Parr (CAM-
B3LYP) hybrid functional, 60 and the meta hybrid GGA.61 
 
2.5.4 Basis sets 
In quantum calculations, DFT requires a basis set of functions to represent K-S 
orbits, whose linear combination ismolecular orbitals. To get a complete set of basis 
functions, the linear combination of atomic orbitals (LCAO) is used with the K-S 
orbitals. Slater-type orbitals (STOs)62 are able to describe the long-range overlap 
between atoms, as they exponentially decay with distance from the nuclei, albeit with 
computational difficulty. However, calculations using Gaussian Type Orbits (GTOs)63 
are more convenient, as they can approximate STOs by linear combination. The 
smallest basis sets, which consist of GTOs with the minimum number of basis 
functions required to represent all the electrons, are called minimal basis sets. There 
are also other types of basis sets such as split-valence64 and correlation-consistent 
basis sets.65 To represent atom orbitals more precisely, some additions are used in the 
basis sets, such as polarization functions (denoted by “*” or “**”) and diffuse 
functions (denoted by “+” or “++”). 
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2.5.5 Time-dependent density functional theory (TD-DFT) 
TDDFT is an extension of DFT that is used to describe excited states, based on the 
Runge-Gross (R-G) theorem,66 which is analogous to the H-K theorem and shows the 
connection between the time-dependent external potential and time-dependent density 
in a given system. Furthermore, this non-interacting density can also be described by 
the time-dependent K-S formalism.67 In this context, two approaches can be used to 
study the properties of a given system. When the time-dependent external potential is 
weak, linear-response theory can be used, while a full solution of the K-S equations is 
required when the potential is strong. In this thesis, linear-response theory is adopted 
in all TDDFT calculations. 
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Chapter 3  
 
Quinodimethane-based Dyes 
3.1 Introduction 
This chapter contains the results of an experimental and computational 
investigation on four members of a novel class of organic dyes (1-4), characterized by 
a charge-transfer structure based on a quinodimethane backbone (Figure 3.1), which 
was identified based on a large-scale data-mining method.68 To further develop the 
electrochemical properties for potential photovoltaic applications in e.g. dye-
sensitized solar cells (DSSCs), different functional groups were connected to the core 
structure to form D-π-A or D-π-A-π-Ads (D = donor, A = acceptor, Ads = Adsorbing 
substituent) motifs.  
 
Compound 1: (E)-2-cyano-3-(4-((3,5-di-tert-butyl-4-oxocyclohexa2,5-dien-1-ylidene) 
(4-(dimethylamino)phenyl)methyl)phenyl)acrylic acid.  
Compound 2: 4-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)(4- 
(dimethylamino)phenyl)methyl) benzoic acid.  
Compound 3: (E)-2-cyano-3-(4-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene 
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(4-(diphenylamino)phenyl)methyl)phenyl)acrylic acid.  
Compound 4: 4-((3,5-di-tertbutyl-4-oxocyclohexa-2,5-dien-1-ylidene)(4- 
(diphenylamino)phenyl)methyl) benzoic acid. 
 
Figure 3.1 Chemical structure and systematic names of 1-4. 
 
3.2 Methods and materials 
3.2.1 Experimental details 
UV/vis absorption spectra of 1-4 in solution or of 1-4/TiO2 nanocomposites were 
recorded on an Agilent8453 Diode Array Spectrophotometer (resolution: 2 nm). 
Emission spectra of 1-4 in solution were determined using a Cary Eclipse 
Fluorescence spectrophotometer with a 20 nm excitation slit and a 20 nm emission 
slit.  
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Cyclic voltammograms were recorded using a computer-controlled Autolab 
PGSTAT101 potentiostat with a three-electrode setup based on a glass carbon working 
electrode, a platinum wire counter electrode, and an Ag/AgCl reference electrode. The 
Ag/AgCl reference electrode was calibrated against the ferrocene/ferrocenium 
(Fc/Fc+) redox couple as the external standard. 1-4 were dissolved into acetonitrile 
containing 0.1 M [Bu4N]ClO4 (TBAP) as the supporting electrolyte, and 
voltammograms were recorded at a scan rate of 100 mV/s. 
 
TiO2 (DSL 18NR-T, Dyesol) photoanodes (thickness: ~4 μm) were generated on 
well-cleaned FTO glass (Dyesol, TEC-15) by two cycles of the doctor-blade 
technique, interspersed by drying. The resulting electrode was sintered at 500 ºC for 
30 min. Counter electrodes were fabricated using the same doctor-blade procedure, 
chloroplatinic acid hexahydrate (H2PtCl6·6H2O, Sigma), and sintering at 375 ºC. All 
the photoanodes were immersed overnight in methanolic solutions (5 × 10-5 M) of 1-
4 or N719. The sensitized photoanodes and counter electrodes were assembled by 
sandwich techniques using a 5 × 10-2 M solution of I-/I3- as the electrolyte (HPE, 
Dyesol).  
 
To estimate the dye loading on the TiO2 films, 69 the sensitized electrodes were 
separately immersed in a NaOH solution (0.1 M) in water:ethanol (1:1, v/v) for the 
desorption of 1-4. The dye loading was obtained by measuring the absorbance of the 
resulting solutions, based on the molar extinction coefficients of 1-4, which were 
obtained from the UV-vis spectra. 
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The current-voltage (J-V) curves and the overall DSSC photovoltaic performances 
were measured using an ABET Sun 2000 solar simulator under AM1.5 illumination at 
100 mW cm-2, after spectral mismatch (active area: 0.5 cm2). 
 
Electrochemical impedance spectroscopy (EIS) measurements were carried out 
using an Autolab PGSTAT electrochemical workstation with a frequency range from 
10 mHz to 100 kHz. The amplitude of the modulated signal was 10 mV. The active 
area is 1.0 cm2 of unsealed device. 
 
3.2.2 Computational details 
Isolated dye structures were optimized using the Gaussian 09 software 70 at the 
B3LYP 59a/6-31g(d) 71 level of theory, both for vacuum structures and those in 
methanolic solution (polarizable continuum model, PCM; ε = 32.63).72 To simulate 
the interface between the dye molecules and the TiO2 nanoparticles, the optimized 
structures (gas phase) of the dye molecules were initially absorbed onto a (TiO2)9 
cluster, 73 to provide a balance between scientific accuracy and computational cost. 
The geometries of the adsorbed dye molecules were also optimized at the same level 
of theory. All geometrically optimized structures were checked by the following 
vibrational frequency calculations at the same level of theory that no imaginary 
frequency was observed. Single point energy calculations were performed at the 
B3LYP/6-31g++(d, p) level of theory for the isolated dyes and at the B3LYP/6-31g(d) 
level of theory for the absorbed dyes. Several adsorption modes are possible for 
cyanoacrylic and carboxylic groups on TiO2 nanoparticles, and generally, bidentate 
anchoring modes are considered more stable than other anchoring modes for similar 
CHAPTER 3 QUINODIMETHANE-BASED DYES                      39                                                                    
 
 
interfaces.74 Therefore, bidentate chelating (B) and bidentate bridging (BB) anchoring 
modes were considered in this chapter together with the protonated forms (BH, BBH) 
for model dye 1 and2. For dye 1, the COO/CN binding configuration was also studied 
as a possible anchoring mode for cyanoacrylic acid group. 
 
Theoretical UV/vis absorption spectra were calculated using TDDFT methods at 
the M062X61b/6-31++g(d,p) level of theory for the isolated dyes and at the M062X/6-
31g(d) level of theory for the adsorbed dyes based on the optimized GS structures. 
The geometries of all dyes in the ES were optimized at the B3LYP/6-31g(d) level of 
theory. 
 
3.3 Molecular structures and geometries 
3.3.1 Molecular structures 
For an in-depth discussion of the structures of 1-4, the chemical structures of these 
compounds were divided into three sub-sections (a-c): 
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Figure 3.2 Sub-sections a-c for the chemical structures of 1-4. 
 
As previously mentioned (cf. section 3.1), 1-4 were designed based on a D-π-A-π-
Ads structure with a strong charge-transfer backbone. Section a describes the 
carboxyl acid and the cyanoacrylic acid moieties that act as anchor groups (Ads) for 
the adsorption of the dye molecules onto the surface of semiconductors such as 
amorphous TiO2 in DSSC devices. The phenyl ring in this section between the anchor 
and point P was introduced in order to improve the electron transport from the dye 
molecule to the dye…TiO2 interface and suppress electron recombination in the 
opposite direction.75 For section c, dimethylamino (NMe2) and diphenylamino (NPh2) 
groups were chosen as electron donors (D) to push electrons to the point P via the 
phenyl ring, which acts as the π-bridge in a classic D-π-A structure. Section b 
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describes a 3,5-di(t-butyl)quinomethyl group, which should increase i) π-
delocalization and ii) the electron-withdrawing ability of P as the electron acceptor 
(A). This topic will be discussed in detail in the next subsection (vide infra) on the 
basis of the results of DFT calculation. The presence of the 3,5-di(t-butyl)quinomethyl 
group should furthermore increase the steric demand of 1-4, which may help to reduce 
the aggregation of dye molecules and electron recombination from TiO2 to the 
electrolyte in DSSC devices. 17 
 
3.3.2 Optimized ground state geometries in vacuo 
All frontier molecular orbitals and ground-state (GS) geometries of 1-4 were 
calculated and optimized, respectively using DFT methods at the B3LYP/6-31++g 
(d,p) level of theory and selected structural parameters of the optimized structures are 
summarized in Table 3.1.  
 
Figure 3.3 The chemical structure of the core part of 1-4 (R1 = –CH=C(CN)COOH 
or –COOH; R2 = –NMe2 or –NPh2).  α, β and γ are dihedral angles of C21-C20-C1-
C2, C3-C2-C1-C10 and C11-C10-C1-C20, which are also refer to the three aryl rings 
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reference to the referenced plane C10-C20-C2.   
Table 3.1 Selected structural parameters for 1-4. 
Dye α 
[] 
β 
[] 
γ  
[] 
C1-C2  
 [Å] 
C1-C20 
[Å] 
C1-C10 
[Å] 
N-C 
[Å]a 
1 -46.84 -19.70 -35.87 1.401 1.485 1.462 1.377 
1b 68 -52.82 -9.22 -39.57 1.382 1.491 1.475 1.371 
2 -48.60 -19.72 -34.92 1.400 1.487 1.461 1.378 
3 -46.17 -18.19 -40.32 1.396 1.483 1.472 1.407 
4 -48.14 -18.24 -38.46 1.395 1.486 1.470 1.408 
a N-C refers to the length of the bond between the donor and the phenyl ring in section 
c. b Experimental values for 1 from reference 68. 
 
As shown in Table 3.1, the N-C bond lengths in 1 (1.377 Å) and 2 (1.378 Å) are 
similar to typical N-C bond lengths between sp2-hybridized N and aromatic C atoms 
(~1.371 Å), 76 which indicates a partial double-bond character, and thus suggests that 
e.g. 1 or 2 with an NMe2 group should contain dominant contributions from an 
electronic resonance structure that carry a positive partial charge on the N atom. And 
this computational result is also consistent with the N-C bond length of dye 1 from 
XRD data (1.371 Å).68 For 3 and 4, the bond lengths are slightly longer (3: 1.407 Å; 
4: 1.408 Å) and between C-N bonds that involve sp2- (1.371 Å) or sp3-hybridized 
(1.426 Å) N atoms, and very close to cationic triphenylamine (1.42 Å), 77 indicating a 
relatively weak but still positive partial charge on the N atom, induced by the NPh2 
group. 
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The lengths of the C1-C2 bonds for all dyes are ~1.392 Å,76 which is typical for 
C=C double bonds in a quinodimethane structure at the corresponding position. 
Moreover, this quinodimethane structure, substituted with two t-butyl groups, forms a 
strong electronic resonance structure including C1, which is consistent with the 
torsion of the ring, i.e., the quinoidal ring offers a more planar structure than the other 
two phenyl rings (β is only about half of α and/or γ). Thus, a negative partial charge 
on C1indicates that C1 acts as an electron acceptor (A) in the molecule.   
The optimized structures suggest that the cyanoacrylic (1 and 3) and the carboxyl 
(2 and 4) anchors adopt an almost co-planar arrangement relative to the phenyl ring in 
section a, which affords a beneficial π–conjugated structure that ensures desirable 
electron injection from the dye molecules to the TiO2 surface. 
 
3.4 Frontier molecular orbitals and cyclic voltammetry 
To determine the properties of the intramolecular charge transfer (ICT) and of the 
frontier molecular orbitals whose energy levels are a crucial factor for the DSSC 
performance, the highest occupied molecular orbitals (HOMOs) and lowest 
unoccupied molecular orbitals (LUMOs) were calculated by DFT methods at the 
B3LYP/6-31++g (d,p) level of theory, while the energy levels of these orbitals were 
calculated using time-dependent DFT (TDDFT) methods (cf. Section 3.4.2). Cyclic 
voltammetry measurements were used to experimentally determine the HOMO 
energy levels and to calculate the LUMO energy levels from the band gap energy 
values obtained from optical measurements.  
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3.4.1 Cyclic Voltammetry Measurements 
Figure 3.4 Cyclic voltammograms of 1-4 in acetonitrile; [analyte] = 5 × 10-5 mol·L-1; 
T = 295 K; scan rate = 100 mV·s-1; all potentials vs. Ag/AgCl; 0.1 M additive 
tetrabutylammonium perchlorate was added as supporting electrolyte. 
 
The cyclic voltammograms measured in acetonitrile (Figure 3.4) showed reversible 
oxidation and reduction curves for all dyes. The oxidation potentials (E) for 1 (0.40 
V), 2 (0.32 V), 3 (0.48 V), and 4 (0.43 V) (all potentials vs. Ag/AgCl) were assigned 
to the oxidation of the donor group (1, 2: NMe2; 3, 4: NPh2). The oxidation of 1 and 2 
at lower potentials than those of 3 and 4 should be attributed to the lower electron-
donating ability of the NMe2 group relative to that of the NPh2 group, and to the 
consequently weaker interactions between the acceptor and the donor. The HOMO 
energy levels for 1-4 were determined based on the onset of the individual oxidation 
potentials, while the LUMO energies were obtained from the sum of the 
corresponding HOMO energy level and the optical band gap (cf. Section 3.5.1). A 
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summary of the relevant data is given in Table 3.2. The HOMO energy levels of 1-4 
are lower than the redox potential of the most commonly used DSSC electrolyte (I-
/I3-), which renders the regeneration of the dye molecules possible. The LUMO 
energy levels are sufficiently high to provide the driving force for electron injection 
from the excited dye molecules into the TiO2 conduction band (CB). 
 
Table 3.2. CV-derived oxidation potentials and calculated HOMO and LUMO energy 
levels. 
Dye E  
[V] 
HOMOa  
[eV] 
Egopt b 
[eV] 
LUMO c 
[eV] 
1 0.40 -5.15 2.06 -3.09 
2 0.32 -5.07 2.15 -2.92 
3 0.48 -5.23 2.16 -3.07 
4 0.43 -5.18 2.19 -2.97 
a set Fc+/Fc EHOMO = -4.8 eV; b estimated using the onset of the UV-vis spectra in 
methanol; c calculated from the sum of the HOMO value and Egopt. 
 
3.4.2 DFT- and TDDFT-derived HOMOs and LUMOs 
The calculated HOMO and LUMO energy levels (Table 3.3show the same trend as 
the results of the cyclic voltammetry measurements and optical studies.  
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Table 3.3. DFT- and TDDFT-derived HOMO and LUMO energy levels. 
Dye 
HOMO a 
[eV] 
LUMO c 
[eV] 
EgTD b 
[eV] 
1 -5.408 -2.909 2.499 
2 -5.385 -2.724 2.661 
3 -5.447 -2.857 2.590 
4 -5.434 -2.716 2.718 
a Calculated by DFT methods: B3LYP/6-31++g(d,p)/PCM in methanol; b calculated by 
TDDFT methods: M062X/ 6-311+g(d,p)/PCM in methanol; c calculated from the sum 
of the HOMO value and Egopt.78 
As shown in Figure 3.5, the HOMOs in the ground state is comparable for 1-4, and 
the electron density is located predominantly on the donor moiety (NMe2 or NPh2) 
and the quinodimethane backbone. The LUMOs are located mainly on the (carboxylic 
or cyanoacrylic) anchor groups and the quinodimethane backbone. In addition, small 
parts of the LUMO of 2 and 4 are situated on the phenyl ring that connects the 
quinodimethane moiety and the donor group. Generally, 1-4 exhibit very good 
HOMO-to-LUMO charge redistribution from the donor to the anchor moieties, which 
renders the injection of excited electrons into the CB of TiO2 possible.  
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Figure 3.5 Calculated electron density distributions for the frontier molecular orbitals 
of 1-4 using DFT methods based on B3YLP/6-31++g (d,p)/PCM. 
 
It should be noticed that the quinodimethane backbone between the donor and 
acceptor moieties offers sufficient overlap between the HOMOs and the LUMOs, 
which guarantees fast charge transfer transition.2 Due to the pronounced alternation of 
the bond lengths, the quinodimethane structure should be isolated from charge 
transfer processes.79 The first excitation of 1-4 in methanol was also studied by 
TDDFT methods at the M062X/6-31++g (d,p) level of theory. The calculated first 
excitation energies are in excellent accordance with the results of the UV-vis 
measurements for 1 and 3, but slightly disagree with those for 2 and 4 (Figure 3.8). 
This divergence may be caused by the difference of anchor groups in reorganization 
and electron density in the excited state. 
 
3.5 Optical band gaps and first excitation energies 
To investigate the absorption and emission properties of 1-4, UV-vis and emission 
spectra were measured to determine the optical band gaps, and TDDFT methods were 
used to calculate the first excitation energies and the excited states of 1-4.  
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3.5.1 UV-vis absorption and emission spectra in methanol  
The UV-vis absorption spectra of 1-4 in methanol are shown in Figure 3.6. A 
summary of all data is shown in Table 3.4. 
Figure 3.6 Absorption spectra of 1-4 in methanol ([dyes] = 5 × 10-5 mol-1 L). 
 
The absorption spectra of 1 and 3, as well as of 2 and 4 exhibit similar features, 
which indicates that certain strong excitation processes (300-450 nm) occur in the 
area of the anchor groups. For 1 and 3, which contain cyanoacrylic acid anchors, the 
absorption bands at shorter wavelength (1: 320 and 375 nm; 3: 301 and 372 nm) 
should be attributed to the aromatic π–π* electronic transition of the conjugated 
backbone, while the longest wavelength absorption band of 1 (λmax, abs = 503 nm) 
should be assigned to an ICT 68 that is slightly red-shifted compared to that of 3 (λmax, 
abs = 482 nm). For 2 and 4, which contain carboxylic acid anchors, the longest 
wavelength absorption bands of 2 and 4 exhibit a similar trend for the ICT (2: λmax, abs 
= 490 nm; 4: λmax, abs = 472 nm). For the shorter wavelength absorption bands, 2 and 4 
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exhibit shoulder peaks at 310-400 nm, which may be attributed to several close π–π* 
transitions. Moreover, the ICT band of 1 and 3 is more intensive than that of 2 and 4, 
indicating stronger ICT interactions in 1 and 3 due to a higher degree of π-
delocalization, extended by the cyanoacrylic acid. 
 
Table 3.4 Data of UV-vis and emission spectra of dye 1, 2, 3 and 4. 
 
Dye 
λmax, abs 
[nm] 
εmax 
[Lmol-1cm-1] 
λmax, em 
[nm] 
Stokes shift 
[cm-1 (nm)] 
Egopt a 
[eV] 
1 503 2.50×104 647 4425 (114) 2.06 
 375 2.80×104    
2 490 2.46×104 608 3961 (118) 2.15 
 358 1.25×104    
3 482 2.63×104 638 5073 (156) 2.16 
 372 3.55×104    
4 473 2.40×104 616 4907 (143) 2.19 
 362 1.63×104    
a Estimated using the onset of the UV-vis spectra in methanol. 
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Figure 3.7 Normalized emission spectra of 1-4 in methanol ([dye] = 1 × 10-3 mol L-1; 
λex = 400 nm). 
 
The emission spectra of 1-4 (Figure 3.7) show Stokes shifts in the UV/vis range to 
647 (1), 608 (2), 638 (3), and 616 nm (4). The Stokes shifts of 3 (4907 cm-1) and 4 
(5073 cm-1) are substantially larger than those of 1 (4405 cm-1) and 2 (3961 cm-1), 
indicating that these shifts may be dominated by a structural reorganization of the 
donor group. A more detailed comparison of the molecules that contain the same 
donor (NMe2) showed that the Stokes shift of 2 is slightly smaller than that of 1, 
which means that a small additional change in geometry must also occur between the 
ground state (GS) and the excited state (ES), whose nature affects the position of the 
anchoring group relative to that of the donor group. Considering the individual 
structures, the most probable geometry reorganization from the GS to the ES is some 
form of twist in the aryl rings in the π-bridge that connects the donor and anchoring 
groups. Thus, in section 3.5.2, DFT and TD-DFT studies were employed in order to 
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verify this chemical intuition about the nature of the geometry reorganization upon 
photo-excitation. 
 
3.5.2 First excitation energies 
The first excitation energies of 1-4 in methanol were studied by TDDFT 
calculations at the M062X/6-31++g (d,p) level of theory. A comparison between the 
experimental and the calculated TDDFT results is shown in Figure 3.8. The 
differences between the energy values of the calculated ﬁrst excited-state transitions 
and the ICT wavelengths from the UV-vis spectra of 1 (0.01 eV), 2 (0.13 eV), 3 (0.02 
eV), and 4 (0.09 eV) show that the calculated first excitation energies agree well with 
the results of the UV-vis spectra, especially for 1 and 3, considering that the error 
using hybrid functionals does not exceed 0.4 eV.80 For 2 and 4, however, the 
discrepancy between experimental and theoretically calculated values is more 
substantial, which may be attributed to their anchoring group, the carboxyl acid 
group, which has a smaller π-conjugated structure compared to a cyanoacrylic acid 
group for 1 and 3. 
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Figure 3.8 Theoretically calculated absorption spectra for 1-4 in methanol via 
TDDFT (vertical lines) and UV-vis absorption data (curves). 
 
The compositions of the excitations in terms of molecular orbital transitions were 
also calculated (Table 3.5), and the results show that the ICT absorption bands of 1-4 
should be attributed mainly to the HOMO-LUMO transitions. The subsequent two 
calculated excited-state transitions in 1 and 3 (n = 3, 4) and 2 and 4 (n = 3, 5) 
correspond to the experimentally observed absorption peaks at shorter wavelengths, 
and should be associated with two overlapping π - π∗ transitions of different 
characters.81 The transitions with n = 3 for 2 (3.78 eV), 3 (3.27 eV), and 4 (3.61 eV) 
should be ascribed to the HOMO-1LUMO π - π∗ transition, which occurs from 
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both phenyl rings in section a and c and exhibits localized excitation (LE) character. 
Following a similar argument, the higher energy transitions with n = 4 (2) and n = 5 
(3, 4) can be attributed to the HOMOLUMO+1 π - π∗ transitions, even though the  
HOMOLUMO+1 transition of 2 and 4 does not involve molecular orbitals at the 
quinodimethane backbone (section b), which is very distinct from all other transitions. 
Figure 3.9 Electron density distributions of the HOMO-1, HOMO, LUMO, and 
LUMO+1 of 1-4 calculated at the DFT/B3LYP/6-31++g(d,p)/PCM (methanol) level 
of theory. 
 
 HOMO-1 HOMO LUMO LUMO+1 
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For 1, there are no dominant molecular orbitals for n = 3, 4, as the contributions 
from the HOMO-1LUMO and HOMOLUMO+1 are comparable. Accordingly, the 
characteristics of these two transitions cannot be simply judged by the electron-
density distribution of the frontier molecular orbitals. Therefore, the electron-hole-
density distributions of the molecular orbitals of the ES of 1 (n = 3, 4) were generated 
using Multiwfn 3.3.9.82 The hole and electron distribution for n = 3, 4 (Figure 3.10) 
shows that almost all the holes are located on the donor moiety, and that the electrons 
are predominantly concentrated on the acceptor and anchor moieties, which indicates 
that these two excitations exhibit mainly charge-transfer (CT) characteristics and good 
hole-electron separation. 
             (a)                                     (b) 
Figure 3.10 Hole-electron density distribution of the excited states of 1 for n = 3 (a) 
and n = 4 (b) calculated at the DFT/B3LYP/6-31++g (d, p)/PCM (methanol) level of 
theory. Plots were realized using Multiwfn 3.3.9. Blue and green isosurfaces represent 
hole and electron distributions, respectively. 
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Table 3.5 Energy (eV, nm) and oscillator strength values for 1-4, as well as sizable 
(f > 0.1) contributions of the molecular orbitals to the transitions.  
 
Dye 
ES 
(n) 
First excitation 
energy 
[eV]     [nm] 
Oscillator 
strength (f) 
Composition 
1 1 2.499 496.07 0.6512 90.69% HOMO - LUMO 
 3 3.345 370.64 0.8487 47.75% HOMO-1 - LUMO 
     42.86% HOMO - LUMO+1 
 4 3.485 355.81 0.4828 39.78% HOMO-1 - LUMO 
     45.88% HOMO - LUMO+1 
2 1 2.661 465.87 0.8657 96.41% HOMO - LUMO 
 3 3.780 327.96 0.5174 91.75% HOMO-1 - LUMO 
 5 4.108 301.81 0.226 91.26% HOMO - LUMO+1 
3 1 2.590 478.71 0.69 84.55% HOMO - LUMO 
 3 3.268 379.36 0.8924 73.75% HOMO-1 - LUMO 
 4 3.512 353.02 0.4154 68.90% HOMO - LUMO+1 
4 1 2.718 456.17 0.8998 90.93% HOMO - LUMO 
 3 3.606 343.84 0.499 87.97% HOMO-1 - LUMO 
 5 4.095 302.80 0.283 61.39% HOMO - LUMO+1 
 
3.5.3 Optimized structures for the excited states (ES) 
To better understand the origin of the different Stokes shifts and the properties of 1-
4 in the ES, the geometric structures of these dyes in the ES were optimized by 
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DFT/TDDFT methods at the same level of theory as the GS. The metric parameters 
for the ES are listed in Table 3.6 and a juxtaposition “(overlapping two geometries by 
fixing three points: C2, C10 and C20) of the corresponding optimized structures is 
shown in Figure 3.11. 
 
Table 3.6 Structural parameters for the ES of 1-4. 
 
Dye 
Excited State 
αa β γ C1-C2 b C1-C20 C1-C10 
1 -23.74 
(23.10)c) 
-14.8 
(4.9) 
-86.81 
(-50.94) 
1.422 
(0.021) 
1.433 
(-0.052) 
1.499 
(-0.037) 
2 -15.08 
(33.52) 
-23.08 
(-3.36) 
-88.98 
(-54.06) 
1.431 
(0.031) 
1.440 
(-0.047) 
1.497 
(0.036) 
3 -17.95 
(28.22) 
-27.76 
(-9.57) 
-61.59 
(-21.27) 
1.418 
(0.023) 
1.437 
(-0.046) 
1.499 
(0.027) 
4 -16.21 
(31.93) 
-23.98 
(-5.74) 
-79.77 
(-41.31) 
1.430 
(0.035) 
1.440 
(-0.046) 
1.500 
(0.030) 
a α, β and γ are dihedral angles of C21-C20-C1-C2, C3-C2-C1-C10 and C11-C10-C1-
C20 (cf. Figure 3.3). The signal “-” denominates an anticlockwise rotation relative to 
C1; b C-C defines the bond length (Å) of the corresponding carbon atoms; c Values in 
parentheses represent Δparameter = parameter(GS)-parameter(ES). 
 
The ES molecular structures of 1-4 show consistent differences to those of the GS 
particularly with regard to the relative orientation of the three aryl groups. The C1-
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C20 bond lengths are shorter in the ES to the extent that its bonding manifests a more 
delocalized nature. The adjoining C1-C2 bond is longer in the ES such that its 
distinctly double-bonded GS character (cf. 1.392 Å for a purely double C=C bond76) 
is better described as -delocalized in the ES structure. The -bridge that connects the 
quinone with the phenyl ring which features the electronic acceptor would therefore 
appear to be more delocalized in the ES structure. The associated dihedral angle 
between the plane of the aryl ring and the referenced plane,  shown in Figure 3.3, is 
smaller in the ES, indicating that -conjugation will extend more readily between 
them subject to a suitably delocalized -bridging connection; and the nature of this is 
enhanced in the ES structure relative to that of the GS. The combined effects mean 
that for the ES structure, more ICT between these two planes will result, 
strengthening the role of the electron acceptor group.  
 
The C1-C10 bond involved in the -bridge that connects to the dialkylamino-
phenyl moiety becomes much longer in the ES, to the extent that it is best described 
as a single C-C bond (cf. 1.54 Å for a purely C(sp3)-C(sp3) bond76). The origin of this 
bond elongation can be understood by considering the substantial increase in dihedral 
angle between the referenced plane and the involved aryl ring, , upon realizing the 
ES structures of 1-4:  values of 50.94, 54.06, 21.27, 41.31 respectively. The 
particularly large  value for 2 means that ICT will be hindered between the electron 
donor and anchoring groups; as such, there will be little chance of electron back 
transfer for the D-to-Anc ICT that occurs. Moreover, the dimethylamino-phenyl 
moiety lies almost perpendicular (86.81 for 1 and 88.98 for 2) to the plane, C10-
C20-C2, which contains the -bridge that links all three aryl rings in 1-4. So the 
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ability of the -bridge to channel -conjugation between rings in 1 and 2 is severely 
compromised. 
Considering α and values together with the Stokes shift observations for 1-4 
from the UV/vis and emission spectroscopy data, their ES geometries could be more 
effectively understood. The much larger values for 1 and 2 present distinctly 
smaller Stokes shifts compared to 3 and 4, indicating that the steric effect of the donor 
moiety may be one of the dominant factors in affecting the Stokes shift of these dyes 
since the diphenylamino group is more sterically bulky than the dimethylamino group. 
That said, the bulkier nature of the anchoring group in 1 compared with 2 also needs 
to be considered. Despite 1 having a smaller than 2, 1 still shows a larger Stokes 
shift than 2 owing to its larger α value which is affected by the anchoring group, 
whereby the cyanoacrylate substituent is more sterically bulky and electron rich than 
the carboxylate group in 2. 
 
All of these factors combined mean that the π-conjugation in the acceptor group of 
2 is particularly strengthened upon forming its ES structure, while it is attenuated in 
the donor; this effect should ultimately promote charge separation upon 
photoexcitation. In contrast, the large twist in the dimethylamino-phenyl moiety of 2 
hinders ICT such that it almost eliminates a potential back electron transfer from TiO2 
through to the donor group in 2 via its acceptor in the ES; this may effectively 
suppress electron recombination in DSSCs. Also, this large twist appears to raise the 
HOMO level, judging from the fact that the HOMO energies follow the same trend as 
, i.e. EHOMO for 2 > 1 > 4 > 3.  
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Accordingly, the suspected twisting of the phenyl group in the donor region of 1-4 
is supported by these computational studies. Moreover, the calculations explain the 
origin of the distinct emission features that are experimentally observed in 2. 
Meanwhile, the photovoltaic prospects for 2 as a DSSC dye are attractive on account 
of the predicted diode-like action of the phenyl twisting upon formation of its ES 
which will help prevent undesirable electron recombination effects. 
 
 
Figure 3.11 Juxtaposition of the optimized structures of 1-4 in the ground (blue) and 
excited state (red). 
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3.6 Preferred Anchoring Configurations of 1-4 on TiO2 Surfaces 
3.6.1 Anchoring configuration by DFT calculation. 
The possible adsorption modes of 1-4 on TiO2 were assessed using DFT 
calculations that employed a (TiO2)9 cluster model to simulate the interface between 
the dyes and the TiO2 films. For dyes that contain a carboxylic acid anchor (c.f. 2 and 
4), the four most common anchoring modes in its protonated or deprotonated form are 
shown in figure 3.12(a),74 i.e., bidentate chelating (B and BH) and bidentate bridging 
(BB and BBH). These four possibilities were used as models to investigate the 
adsorption behavior of 2, taking this dye as representative for dye…TiO2 adsorption of 
2 and 4. 
 
 
 
                                  (a) 
      
 
 
                             
(b) 
Figure 3.12 (a) The four most common adsorption modes for the carboxylic acid 
anchoring group on TiO2: protonated (BBH) and deprotonated (BB) bidentate 
bridging anchoring, as well as protonated (BH) and deprotonated (B) bidentate 
chelating. (b) The possible CN/COO adsorption mode for the cyanoacrylate acid 
anchoring group on TiO2.  
BBH BB BH B 
CN/COO 
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For dyes featuring a cyanoacrylate acid anchoring group (c.f. 1 and 3), there is an 
additional adsorption mode possibility, given that the nitrogen of its nitrile group may 
also contribute to the adsorption via a COO/CN binding configuration (see figure 
3.12(b)).83 This COO/CN anchoring mode was therefore studied for 1, as 
representative for dye…TiO2 adsorption of 1 and 3, in addition to the options that are 
available for a carboxylic acid anchoring group. 
 
Dye…TiO2 adsorption energies were calculated according to: 
                   𝐸௔ௗ௦ = 𝐸ௗ௬௘…்௜ைమ − 𝐸ௗ௬௘ − 𝐸்௜ைమ ,             (eq 3.1) 
wherein E refers to the DFT-calculated single-point energy, and all the calculations 
were based on optimized structures of dye…TiO2 model, free dye molecule and TiO2 
cluster respectively. 
 
In the case of 1, the BBH mode showed, by far, a higher adsorption energy than all 
of the other possibilities and so was ruled out. The remaining anchoring options were 
considered in light of not only the adsorption energies but also the photoexcitation 
properties of 1. To this end, the TD-DFT results revealed that the B and BB modes 
show hypsochromic shifts of 45.51 and 29.49 nm for the first excitation energy upon 
adsorption, which is in good agreement with the hypsochromic shift measured by UV-
vis absorption spectroscopy ( = 39 nm; Figure 3.13). The DFT model containing 
the CN/COO anchoring mode shows the lowest adsorption energy while its cognate 
TD-DFT results yielded a hypsochromic shift of  = 10.49 nm which is much 
smaller than that of experimental UV-vis spectroscopy finding. In contrast, the TD-
DFT results for the BH mode suggest a bathochromic shift ( = ~16 nm) upon 
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adsorption. Comparing the best overall merits of these modes in terms of the 
adsorption and first excitation energies (Table 3.7), it would seem that the BB mode 
presents the most feasible adsorption mode for the dyeTiO2 interface. This notion 
should also strengthen the view that deprotonation of the anchoring group upon dye 
adsorption may induce the hypsochromic shift observed in the UV-vis absorption 
spectra. 
Figure 3.13. Absorption spectra of 1-4 on thin films of TiO2 (thickness: 4 μm). The 
absorptions peaks for 1-4 on TiO2 films are all shown a hypsochromic shift compared 
to that in methanol. (503464 nm for 1, 490437 nm for 2, 482474 nm for 3 and 
473446 nm,for 4) 
 
In the case of 2, the BBH mode showed a markedly higher adsorption energy than 
the other modes, in common to the case for 1, thus precluding this option as a binding 
mode for this type of dye. In terms of photoexcitation properties of 2, the TD-DFT 
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results on the structures containing B, BH and BB modes predict a hypsochromic shift 
of the first excitation energy once the dye has been adsorbed onto TiO2. However, all 
of their shifts (see table 3.7) are noticeably smaller than that observed experimentally 
by UV-vis absorption spectroscopy ( = 53 nm); those of the B and BB modes offer 
the closest agreement with experiment. Taking both adsorption and first excited state 
energies into account, the BB anchoring mode would appear to be the best choice for 
2 to anchor on the surface of TiO2; this conclusion is also consistent with the preferred 
anchoring mode for 1. 
 
Table 3.7. Calculated first excitation and adsorption energies for the different 
adsorption modes of 1 and 2 on TiO2. 
 
a) ΔFirst Excitation Energy = First Excitation Energy (dye on TiO2) - First Excitation 
Adsorption  
Mode 
First excitation 
wavelength [nm] 
ΔFirst excitation 
energy a) [nm] 
Adsorption energy  
[eV] 
1B 450.56 -45.51 -0.902 
1BH 512.64 16.57 -1.099 
1BB 466.58 -29.49 -0.957 
1BBH 542.19 46.12 -0.197 
1CN/COO 485.58 -10.49 -1.200 
2B 425.90 -39.97 -0.892 
2BH 459.09 -6.78 -0.993 
2BB 429.82 -36.05 -0.985 
2BBH 445.21 -20.66 -0.442 
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Energy (dye in methanol). The sign “-” refers to a hypsochromic shift relative to the 
energy for the unadsorbed dye dissolved in a methanol solution. 
 
3.6.2 Dye loading 
To verify the effect of the anchor group on the dye loading, which is a crucial 
parameter for the DSSCs performance, a 0.1 M NaOH solution in a water:ethanol 
(1:1, v/v) was used for the desorption of 1-4 on the TiO2 films (~ 4 μm). And then the 
dye loading amount can be obtained by measuring the absorbance of the resulting 
solutions, based on the based on the molar extinction coefficients of 1-4, which were 
obtained from the UV-vis spectra.69 
 
Table 3.8 Dye loadings for 1-4 on TiO2. 
 
 
 
 
 
 
 
 
Table 3.8 summarizes the estimated dye loadings for 1-4. The fact that 1 and 2 
show better adsorption on TiO2 films than 3 and 4 indicates that the cyanoacrylic acid 
anchor may adopt the same adsorption mode as the carboxylic acid anchor. Moreover, 
the steric bulk of the NPh2 group in 3 and 4 should require more surface space per 
Dye 
Dye loading 
[10-7mol cm-2] 
1 0.89 
2 0.82 
3 0.63 
4 0.76 
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molecule and thus reduce the total amount of adsorption sites available on the TiO2 
surface.  
 
3.7 Electrochemical Impedance Spectroscopy of 1-4 
Figure 3.14 The EIS Nyquist plot of 1-4 measured from 100 kHz to 10 mHz under 
dark condition with a forward bias of -0.60 V; (inset): the corresponding equivalent 
circuit. The active area is 1.0 cm2. 
Figure 3.14 shows the Nyquist plots of the corresponding devices with the 
equivalent circuit in the figure inset. The simulated data from the EIS spectra are 
summarized in Table 3.9. The semicircle observed in the figure represents the electron 
recombination process at the TiO2/dye/electrolyte interfaces. The calculated resistance 
values (RCT) are 82.2 Ω/cm2, 105.1 Ω/cm2, 126.1 Ω/cm2, and 116.4 Ω/cm2 for dye 1-4 
respectively. Generally the larger the RCT, the slower the recombination kinetics. The 
associated RCT values for 1-4 present in the order 1 < 2 < 4 < 3, indicating the relative 
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extent by which electron recombination can be suppressed for interfaces involving 1-
4. Therefore, it seems that charge recombination from TiO2 to electrolyte in dye 3 and 
4 could be more efficiently blocked may be due to the steric effect of their 
diphenylamino groups which reduce the contact of TiO2 and I3- in the electrolyte. And 
1 and 2 show smaller RCT values indicating that the dimethylamino groups are less 
efficient to suppress this recombination at the TiO2/dye/electrolyte surface. Compared 
to the benchmark, 3 shows a comparable RCT value to N719 (138.0 Ω/cm2), but 
generally all the dyes are need to be further improved to compete with N719 in 
suppressing this recombination. 
However, to investigate how the twist of diakylamino-phenyl ring affect the charge 
transfer process in DSSC, EIS spectra measured under illumination are needed, which 
can characterize the charge transfer process in the working state. So due to the 
limitation of equipment, EIS spectra under illumination are not discussed in this thesis 
and needed to be further investigated in the future. 
 
Table 3.9. Simulated data, RCT, Cμ and RS values of 1-4 from EIS measurements. 
 
 
 
 
 
 
 
Dye RCT [Ω/cm2] Cμ [μF/cm2] RS [Ω] 
1 82.2 0.001327 61.4 
2 105.1 0.001120 58.4 
3 126.1 0.001117 69.5 
4 116.4 0.001144 60.4 
N719 138.0 0.000715 95.7 
CHAPTER 3 QUINODIMETHANE-BASED DYES                      67                                                                    
 
 
3.8 Photovoltaic (PV) performance 
Figure 3.15 Current density as a function of voltage for DSSCs containing 1-4 or 
N719. 
 
To further examine the photovoltaic performance of 1-4, a series of unsealed 
DSSCs were prepared using thin layers (4 µm) of TiO2 nanoparticles to ensure 
compatibility with the high extinction coefficient of the organic dyes. Figure 3.15 
shows the current density of these DSSC devices as a function of voltage (J-V 
curves). In general, 1-4 still cannot compete with the DSSC performance of N719, 
especially given their low current densities that arise from the narrow absorption band 
and strong recombination. The dye with the best performance (2) exhibits an overall 
efficiency, , which is ~30% of the efficiency of N719. The short-circuit current 
density, JSC, shows the same trend of 2 > 1 > 4 > 3 as that of Δγ and RCT, which 
corroborates the notion that the pronounced twist of the dialkylamino-phenyl moiety 
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blocks back-electron transfer from the acceptor to the donor in the ES, and thus 
suppresses the recombination of electrons from the CB of TiO2 to the donor group of 
the dye. This diode-like effect presents as a structure-function relationship for this 
class of dyes. Its encoding into a knowledge-based rule for the molecular engineering 
of derivatives of 1-4 could be highly advantageous in helping produce superior 
photovoltaic properties in DSSC devices while precluding undesirable electron 
recombination effects. 
 
Table 3.10 Photovoltaic parameters of DSSCs containing 1-4 or N719. 
 
Dye VOC  
[V] 
JSC  
[mA/cm2] 
FF  
[%] 
η  
[%] 
ηdye:ηN719  
[%]  
1 0.516±0.005 2.88±0.47 59.6±1.4 0.89±0.13 23.8 
2 0.540±0.009 3.43±0.26 60.7±1.4 1.13±0.07 30.2 
3 0.510±0.003 2.03±0.10 59.7±2.2 0.62±0.04 16.6 
4 0.540±0.006 2.71±0.35 61.4±1.7 0.90±0.08 24.1 
N719 0.593±0.013 9.68±0.30 65.3±3.7 3.74±0.04 100.0 
 
3.9 Conclusion 
In this chapter, a new set of organic dyes (1-4), which were chosen based on the 
results of a data-mining study, was investigated for potential photovoltaic applications 
in DSSCs. 1-4 share a quinodimethane-based D-π-A-π-Aads core structure but differ 
with respect to the anchor group (1 and 3: cyanoacrylic acid; 2 and 4: carboxylic 
group) and donor moiety (1 and 2: NMe2; 3 and 4: NPh2).  
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The structures of 1-4 were initially optimized, before the HOMO/LUMO levels 
were determined experimentally (CV) and theoretically (DFT). The combined results 
revealed strong ICT processes for all dyes and well-suited HOMO/LUMO energies 
relative to the CB of TiO2 and the I-/I3- redox potential, which ensures sufficient 
electron injection and dye regeneration in DSSC devices. Electrochemical impedance 
spectroscopy revealed thatelectron recombination at TiO2/dye/electrolyte interfaces 
could be effectively suppressed by the steric effect of the diphenylamino groups for 3 
and 4. . 
 
 
 
 
Figure 3.16. Schematic illustration of the performance of 2 under illumination. 
 
DFT and TD-DFT methods provided an insight into the electronic and geometric 
structures of 1-4 and their adsorption modes on the TiO2 surfaces. Theoretical 
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calculations on the ES of 1-4 have shown that a twist of the dialkylamino-phenyl 
moiety explains the Stokes shifts observed in the emission spectra of 1-4. Moreover, it 
has been found that the dialkylamino-phenyl moiety in 2 exhibits the largest torsional 
change upon photoexcitation, and that the extent of this twist in these dyes follows the 
order, 2 > 1 > 4 > 3. DSSC device photovoltaic performance tests supported this 
anticipated structural change and revealed a direct relationship between this photo-
induced torsional change and photovoltaic output. DSSC devices sensitized with 2 
furnished the highest open-circuit voltage (0.54 V) and power conversion efficiency 
(30% of that of N719) among 1-4, which is due to the diminished back-electron 
transfer from the acceptor to the donor as a result of the large torsional change in its 
dialkylamino-phenyl moiety. Moreover, the short-circuit current density, Jsc, values 
track the same order, 2 > 1 > 4 > 3, observed for the dihedral angle. This discovered 
structure-property relationship, which may be classified as twisted intramolecular 
charge transfer (TICT), 84 can now be exploited to create larger chromophores in this 
class of dyes which exhibit superior photovoltaic performance with good dye 
regeneration characteristics while precluding undesirable electron recombination by 
incorporating this diode-like effect as a knowledge-based rule within the molecular 
engineering strategy for these dyes. 
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Chapter 4  
 
Functionalized Carbazole Dyes (MK series) 
4.1 Introduction 
The MK series of dyes is a class of alkyl-functionalized carbazole dyes, which 
were reported for the first time in 2006.16 Subsequently, systematic studies on their 
molecular structures,85 electrolyte effects,86 and their long-term stability in devices87 
have been reported. MK dyes exhibit a typical D-π-A structure with a carbazole 
electron donor (D), a cyanoacrylic acid electron acceptor (A) / anchor, and 
oligothiophene (or alkyl-substituted oligothiophenes) π-bridges.  
 
MK-44, i.e., 2-cyano-3-(5-(9-ethyl-9H-carbazol-3-yl) thiophen-2-yl) acrylic acid 
(Figure 4.1) represents the simplest MK dye, as it contains only one unsubstituted 
oligothiophene. MK-2, i.e., 2-cyano-3-[5′′′-(9-ethyl-9H-carbazol-3-yl)-3′, 3′′, 3′′′, 4-
tetra-n-hexyl-[2, 2′, 5′, 2′′, 5′′, 2′′′]-quarter-thiophen-5-yl] acrylic acid (Figure 4.2) is 
structurally a little more complex, as it contains a n-hexyl-substituted quarter-
thiophene, which allows to effectively control the dye loading and/or aggregation 
thickness on TiO2 surfaces. Notably, in DSSCs under standard conditions, the use of 
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MK-2 results in a competitive power conversion efficiency (PCE, ) of 8.3%.85 
 
For these MK dyes, different redox couples such as I-/I3-,16, 85-87 Co+2/+3,88 and 
Fe+2/+3 complexes89 were designed to optimize dye regeneration. 
 
 
                                                      MK-44 
 
                                         
      
 
 
 
 
 
 
                                                  MK-2 
 
Figure 4.1 Chemical structures of MK-44 and MK-2. 
 
In order to obtain a better understanding of the structure-property relationships of 
the MK dyes, especially with respect to the relationship between well-performing MK 
sensitizers such as MK-2 and the basic building blocks, computational methods 
including density functional theory (DFT) and time-dependent (TD) DFT methods 
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will be used in this chapter. Given the structural complexity of MK-2, the theoretical 
investigations, with a focus on molecular structure and adsorption properties, were 
conducted on MK-44 in the interest of maximizing computational results while 
concomitantly minimizing computational costs and time. Considering the structural 
similarities between MK-44 and MK-2, the results for MK-44 should be transferrable 
to MK-2. Samples of MK-44 and MK-2 were synthesized in the group of Prof. 
Kawase at Osaka University (Japan). All the X-ray diffraction and X-ray refraction 
results of MK-44 and MK-2 in this chapter were measured by Dr. Jacqueline M Cole 
and her colleagues. 
 
4.2 Methods and materials 
4.2.1 Experimental details 
UV/vis absorption spectra of MK-44 or MK-2 in a mixture of acetonitrile, t-
butanol, and toluene (1:1:1, v/v), as well as of MK-44/TiO2 and MK-2/TiO2 
nanocomposites were recorded on an Agilent8453 Diode Array spectrophotometer 
(resolution: 2 nm). Emission spectra of MK-44 and MK-2 in the same solvent 
mixture were determined using a Cary Eclipse fluorescence spectrophotometer with a 
20 nm excitation/emission slits.  
 
TiO2 (DSL 18NR-T, Dyesol) photoanodes (thickness: ~4 μm) were generated on 
well-cleaned FTO glass (Dyesol, TEC-15) using the doctor-blade technique, 
interspersed by drying. The resulting electrodes were sintered at 500 ºC for 30 min. 
All photoanodes were subsequently immersed overnight in a mixture of acetonitrile, t-
butanol, and toluene (1:1:1, v/v) containing 5 × 10-5 M of MK-44 or MK-2. 
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4.2.2 Computational details 
Isolated dye structures were optimized using the Gaussian 09 software package90 at 
the B3LYP59/6-31g(d)71 level of theory, both for vacuum structures and those in 
methanolic solution (polarizable continuum model, PCM;72 εMeOH = 32.6390). To 
simulate the interface between the dye molecules and the TiO2 nanoparticles, the 
optimized gas-phase structures of the dye molecules were initially absorbed onto a 
(TiO2)9 cluster,73 as this offers a feasible balance between scientific accuracy and 
computational costs. The geometries of the adsorbed dye molecules were optimized at 
the same level of theory. All geometrically optimized structures were checked by 
subsequent vibrational-frequency calculations at the same level of theory; single-
point-energy calculations were performed at the B3LYP/6-31g++(d, p) level of theory 
for the isolated dyes and at the B3LYP/6-31g(d) level of theory for the absorbed dyes. 
Several adsorption modes are possible for cyanoacrylic and carboxylic acid groups on 
TiO2 nanoparticles. In general, the bidentate bridging (BB) anchoring mode is 
considered more stable for MK-2 than other anchoring modes for similar interfaces.40, 
74, 91 For MK-44, the COO/CN (A2) anchoring mode is the most stable, albeit that the 
A2 mode is only slightly more stable than the BB mode (E = 0.2 eV).83 Theoretical 
UV/vis absorption spectra were calculated using TDDFT methods in methanol (PCM) 
based on 6-31g(d) and 6-31++G(d,p) basis sets with different functionals (B3LYP, 
CAM-B3LYP,60 wB97X ,92 wB97XD,93 LC-BLYP,59b, 94 LC-PBEPBE,94-95 LC-
wPBE,96 LSDA,97 B3PW91,57, 59a mPW1PW91,98 PBEPBE, 95 HSEH1PBE,99 
HCTH,100 TPSSTPSS,101 and M062X61a). For MK-2, TDDFT calculations were 
carried out at the M062X/6-31g(d) level of theory using the PCM model. 
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To investigate the effect of Li+ on the adsorption mode of MK-44 on TiO2 surface, 
electronic-structure calculations for the Li···dye···TiO2 interface were performed for 
the A2 and BB adsorption modes with different connections to Li+ ions (via O atom 
and N atom respectively) . The structure and energy of the A2 and BB adsorption 
modes were calculated with and without surrounding Li+ ions. Geometry 
optimizations were carried out at the B3LYP/3-21G* level of theory. Frequency 
calculations were conducted in order to confirm that the optimized geometric 
structures represent minimum energies at same level of theory. 
 
In Section 4.8, the structures and associated energy levels of free MK-44 molecules 
and TiO2-adsorbed MK-44 molecules were calculated using the NWChem.6.6 
software package.102 For free MK-44, gas-phase calculations were performed, 
optimizing the geometry at the B3LYP/6-31g(d) level of theory, before conducting a 
single-point-energy calculation with a property module at the same level of theory, 
forming a set of wave functions. Electronic structures of the dye···TiO2 interfaces 
were calculated, modelling the dye on (101) surfaces of TiO2, sampling two cluster 
sizes, (TiO2)9 and (TiO2)38.103 The A2 anchoring mode was used to simulate the 
dye···TiO2 interfaces. For the adsorbed dye molecules on the (TiO2)9 cluster, the 
geometries were optimized at the B3LYP/6-31g(d) level of theory, and single-point-
energy calculations with a property module were performed at the same level of 
theory. For the adsorbed dye molecules on the (TiO2)38 cluster, the geometries were 
initially optimized at the B3LYP/STO-3G104 level of theory, before single-point-
energy calculations were carried out at the B3LYP/6-31g(d) level of theory. Atom-In-
Molecule (AIM) analyses were carried out for all the models using the Multiwfn 3.3.9 
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software package.82 
 
4.3 Geometry optimizations and analysis of the frontier molecular 
orbitals in MK-44 and MK-2  
The optimized structures of MK-44 and MK-2 in vacuo are shown in Figure 4.2.  
 
 
                                                     MK-44 
 
 
 
                 MK-2 
 
 
 
 
Figure 4.2 Rotation of the thiophene moieties in the in-vacuo structures of MK-44 
and MK-2 optimized at the B3LYP/6-31g(d) level of theory.  
 
The thiophene moieties connected to the carbazole unit in both MK-44 and MK-2 
include dihedral angles of 23.57o and 25.75o, respectively. The dihedral angles relative 
to the adjacent thiophene units in MK-2 decrease to 2.88o-8.53o. With a maximum 
dihedral angle of ~25o and sufficient rotational degrees of freedom, the carbazole and 
thiophene moieties should exhibit attractive levels of π–conjugation, especially in the 
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case of MK-2. 
Based on the optimized structures, the molecular orbitals were calculated 
subsequently. For MK-44, the HOMO is distributed almost uniformly over the entire 
molecule, while the LUMO is located predominantly on the anchor group and the 
thiophene ring, albeit that smaller parts of the LUMO are still situated on the 
carbazole moiety. In MK-2, the HOMO is located on one phenyl ring of the carbazole 
group and the adjacent three thiophene rings. The LUMO is centered predominantly 
at the anchor group and the adjacent thiophene moiety.  
 
Compared to MK-44, MK-2 shows a much more pronounced intramolecular 
charge-transfer (ICT) character induced by the more extended π–conjugated area. The 
energy levels of the HOMOs and LUMOs for MK-44 and MK-2 are suitable for 
DSSC purposes, i.e., the HOMO levels are higher than the conduction band (CB) of 
TiO2, which is important for electron injection, and the LUMO levels are lower than 
the potential of the I-/I3- redox electrolyte, which is important for dye regeneration. 
The more extended π–conjugation in MK-2 relative to MK-44 leads to a narrower 
band gap by raising the HOMO and lowering the LUMO level, which expands the 
absorption band of MK-2. 
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Figure 4.3 Frontier molecular orbitals for MK-44 and MK-2 in vacuo calculated at 
the B3LYP/6-31++G(d,p) level of theory.  
 
4.4 UV/vis absorption and emission spectra in solution 
The UV/vis absorption and emission spectra of MK-44 and MK-2 in a mixture of 
acetonitrile, t-butanol, and toluene (1:1:1, v/v) are shown in Figure 4.4.  
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Figure 4.4 Absorption and emission spectra of MK-44 and MK-2 in a mixture of 
acetonitrile, t-butanol and toluene (1:1:1, v/v; [dyes] = 5 × 10-5 mol-1 L). For emission 
spectroscopy measurements, the same samples were employed and excited by 
exposure to light of 420 nm (MK-44) and 480 nm (MK-2). 
 
In general, the two dyes exhibit similar features, whereby MK-2 exhibits a stronger 
absorption in the shorter-wavelength region (300-400 nm) and a bathochromic shift of 
the edge of the longer-wavelength absorption band, probably induced by the extended 
π-bridge. The absorption bands at longer wavelengths (MK-44: 440 nm; MK-2: 477 
nm) should be attributed to an ICT process in the dye molecules, while those at 
shorter wavelengths (MK-2: 389 nm; MK-44: 345 nm) should be assigned to the 
aromatic π–π* electronic transition of the conjugated thiophenes, which represents 
another piece of evidence that the extended π-conjugation improves the absorption 
properties of MK-2. In the emission spectra, the maxima of the emission peaks were 
observed at 571 nm (MK-44) and 671 nm (MK-2). The Stokes shift for MK-2 (6061 
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cm-1) is higher than that of MK-44 (5214 cm-1), indicating that this shift may be 
attributed to a structural reorganization by the rotation of the oligothiophene rings. 
 
4.5 TD-DFT calculations on MK-44 and MK-2 in solution 
To simulate the excitation processes of these MK dyes, TDDFT calculations were 
carried out on the optimized structures using different long-range functionals with 6-
311++g(d,p) and 6-31g(d,p) basis sets and the PCM model. As it is difficult to 
simulate a mixture of three different solvents using the PCM, methanol was chosen as 
the solvent for the calculations, as: (i) its dielectric constant (32.7) is slightly smaller 
that of acetonitrile (37.5), (ii) the dielectric constant of toluene is negligible, and (iii) 
the balance between computational costs and accuracy of the results should be taken 
into account. 
 
Table 4.1 First excitation energies for MK-44 in methanol, calculated by TDDFT 
methods using different long-range functionals in combination with the 6-31g(d) basis 
set and the PCM model. 
 
Functional Basis Set 
First Excitation Energy 
eV nm 
B3LYP 6-311+g(d,p) 2.46 504.90 
 6-31g(d,p) 2.52 491.10 
CAM-
B3LYP 
6-311+g(d,p) 2.90 427.56 
 6-31g(d,p) 2.99 414.09 
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wB97xd 6-311+g(d,p) 2.98 416.48 
 6-31g(d,p) 3.06 405.02 
wB97x 6-311+g(d,p) 3.08 401.94 
 6-31g(d,p) 3.18 389.80 
lc-blyp 6-311+g(d,p) 3.15 393.08 
 6-31g(d,p) 3.27 379.60 
lc-pbepbe 6-311+g(d,p) 3.20 387.76 
 6-31g(d,p) 3.30 375.97 
lc-wpbe 6-311+g(d,p) 3.15 393.79 
 6-31g(d,p) 3.25 381.72 
lsda 6-311+g(d,p) 1.98 626.44 
 6-31g(d,p) 2.03 612.33 
b3pw91 6-311+g(d,p) 2.47 501.48 
 6-31g(d,p) 2.53 489.64 
mpw1pw91 6-311+g(d,p) 2.57 482.18 
 6-31g(d,p) 2.64 470.29 
pbepbe 6-311+g(d,p) 2.00 620.46 
 6-31g(d,p) 2.05 605.56 
hseh1pbe 6-311+g(d,p) 2.45 505.28 
 6-31g(d,p) 2.52 492.89 
hcth 6-311+g(d,p) 2.01 618.19 
 6-31g(d,p) 2.06 601.94 
tpsstpss 6-311+g(d,p) 2.05 603.88 
 6-31g(d,p) 2.10 590.78 
CHAPTER 4 FUNCTIONALIZED CARBAZOLE DYES (MK SERIES)     82                                                                    
 
 
m062x 6-311+g(d,p) 2.89 428.62 
 6-31g(d,p) 2.98 416.16 
Experimental 
result 
- 2.84 437.0 
 
 
Figure 4.5 Comparison of the values of the calculated first excitation energies and the 
experimental results of the UV/vis measurements for MK-44. 
 
Generally, for the valence excitation of singlets, with a larger percentage of the 
Hartree-Fock (HF) exchange functional, the calculations tend to underestimate the 
excitation energy. For example, PBE0 (25% long range), B3LYP (20% long range), or 
B3PW91 (20% long range) do not exhibit any obvious over- or underestimation of the 
excitation energy in terms of statistical results. Conversely, functionals such as CAM-
B3LYP (65% long range), wB97XD (100% long range), or M062X (54% long range) 
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usually afford higher calculated excitation energies. However, for aromatic molecules 
with large-area π-conjugated structures, the percentage of the HF functional should 
be >25% to get a precise result, and accordingly, functionals with higher HF 
composition are suggested.105 Figure 4.5 shows the experimental (UV/vis) and 
calculated first excitation energies for MK-44 in methanol using different functionals 
and basis sets. A comparison to the experimental UV/vis result and to previous reports 
suggests that M062X (E = 0.055 eV) and CAM-B3LYP (E = 0.062eV) in 
combination with the 6-311++g(d,p) basis set afford the best agreement.105 Based on 
these results, M062X was used for the calculations in the following sections.  
 
The excitation energy of MK-2 was calculated at the same level of theory and the 
UV/vis spectrum was measured under identical conditions. The energy difference 
between the experimental results and the results of the TDDFT calculations (E = 
0.266 eV) does not exceed 0.4 eV,80 and thus indicates that this method is suitable for 
TDDFT calculations on MK-2.  
 
Table 4.2. Experimental (UV/vis spectroscopy; MeCN : t-BuOH : toluene = 1:1:1 
(v/v) and calculated (TDDFT; M062X/6-31g(d); PCM; MeOH) first excitation energy 
for MK-2. 
 
MK-2 Functional Solvent First excitation energy 
TD-DFT  M062X methanol 2.325 eV (533.3 nm)  
UV-vis result - acetonitrile, t-butanol, and 
toluene = 1:1:1 (v/v) 
2.599 eV (477 nm) 
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4.6 Adsorption modes of MK-2 and MK-44 on TiO2 
 
Figure 4.6 Absorption spectra of MK-2 and MK-44 adsorbed on thin films of TiO2 
(thickness: ~ 4 μm).  
For MK-2 in its deprotonated form, the bidentate bridging (BB) mode has been 
reported as the most probable binding mode for the adsorption on TiO2 films.40, 74, 91 
The hypsochromic shift of the absorption peaks upon adsorption on TiO2 furthermore 
indicates that the anchoring group binds in its deprotonated form (COO-) at the 
dye···TiO2 interface.106 To further investigate the adsorption of MK-2, the dye···TiO2 
interface was optimized with different binding modes: bidentate chelating (B and BH; 
‘BH’ represents the protonated form) and bidentate bridging (BB and BBH; ‘BBH’ 
represents the protonated form). Adsorption energy was defined as equation 3.1 in 
Chapter 3. 
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Table 4.3 Calculated adsorption energies for the different adsoption modes of MK-2 
on TiO2 cluster. 
Adsorption mode Adsorption energy [eV] ΔE* [eV] 
B -1.650 0 
BB -1.031 0.620 
BH -0.963 0.963 
BBH -0.816 0.816 
*: the energy of the B mode was chosen as the reference energy.  
 
The B mode shows the lowest adsorption energy, which indicates that this mode is 
more stable than the other three. The calculated result is different from the previous 
study40, 74, 91 that the bidentate bridging (BB) mode is the most probable binding mode 
for the adsorption on TiO2 films. This discrepancy may be attributed to the size of the 
(TiO2)9 cluster, which is smaller than that of MK-2 molecule (especially the long 
alkyl chain), and thus a larger TiO2 cluster or a slab is needed to simulate the interface 
between MK-2 and TiO2 film.  
 
Given the smaller size of MK-44 relative to MK-2 and the absence of long alkyl 
chains connected to the backbone, the situation regarding the adsorption modes of 
MK-44 is more complicated than that of other MK dyes, especially compared to that 
of alkyl-functionalized MK dyes. Coordination of MK-44 and MK-2 to the Lewis-
acidic Ti centers is possible via the O and N atoms. Meng has demonstrated that the 
COO/CN (A2) binding mode is energetically the most preferable adsorption mode for 
typical cyanoacrylic D-π-A dyes.83 In this study, the two most favorable deprotonated 
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modes, i.e., A2 and BB were calculated with a (TiO2)9 cluster. The results of these 
calculations show that the A2 mode exhibits a slightly lower adsorption energy (-1.21 
eV) than the BB mode (-1.02 eV), i.e., the BB mode is by 0.19 eV less stable than the 
A2 mode, which is consistent with the results of a similar study (0.2 eV).83  
 
Table 4.4. Geometries of MK44 on (TiO2)9 with different adsorption modes 
optimized at the B3LYP/6-31g(d) level of theory and corresponding adsorption 
energies.  
Adsorption 
mode 
Starting 
structure 
Final  
structure 
Adsorption 
energy [eV] 
ΔE* 
[eV] 
A2 
  
-1.21 0 
BB 
  
-1.02 0.19 
*: the energy of the A2 mode was chosen as the reference energy.  
 
4.7 The effect of Li+ ions on the adsorption mode  
To further study the interface between MK-44 and TiO2, X-ray reflectometry 
(XRR) experiments using different electrolytes (acetonitrile in the presence or 
absence of Li+ ions) were conducted and revealed that after the immersion in a Li+-
containing electrolyte, the height of MK-44 on TiO2 changed from 9.2 Å to 15.9 Å, 
which corresponds to a binding mode change from A2 to BB.83 In terms of energy, the 
A2 mode is slightly more preferable, but the adsorption energy is very close to that of 
the BB mode, which makes a binding-mode change between A2 and BB possible via 
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an environmental perturbation. To prove this change of binding modes, DFT methods 
were used to calculate the corresponding models. 
 
To simulate the effect of the presence of Li+ ions on the adsorption mode of MK-
44, potential connections between the Li+ ions and MK-44 adsorbed on the TiO2 
cluster were examined, whereby Li···O and Li···N bonds were considered.108 
Accordingly, Li+ cations were connected to the two O and the N atoms in the anchor 
group and examined for the A2 and BB binding modes. Thus, six different possible 
Li···dye ···TiO2 models were calculated.  
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Table 4.5 DFT modelling of the Li···dye···TiO2 moiety at the B3LYP/6-31g(d) level 
of theory. 
Adsorption 
Mode 
Starting Structure Final Structure 
Adsorptio
n Energya 
[eV] 
ΔEb 
[eV] 
CN/COO 
_Li_N 
 
-3.14 0 
BB_Li_N 
  
-2.53 0.60 
CN/COO 
_Li_O_1 
  
-3.15 -0.01 
CN/COO 
_Li_O_2 
  
-2.40 0.73 
BB_Li_O_1 
  
-3.44 -0.30 
BB_Li_O_2 
  
-2.68 0.45 
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    a: 𝐸௔ௗ௦ = 𝐸௅௜ା...ௗ௬௘…்௜ைమ − 𝐸ௗ௬௘…்௜ைమ − 𝐸௅௜  
b: the energy of the CN/COO _Li_N mode was chosen as the reference energy. 
 
The six computational models of the dye···TiO2 interface structure in the presence 
of Li+ ions are shown in Table 4.5. The lowest-energy model featured a Li···O 
interaction with a BB adsorption mode. Given that MK-44 will be deprotonated in 
acetonitrile, the Li+ ions should be attracted to the negative charge on the carboxylate 
moiety. These DFT results are consistent with the results obtained from XRR 
measurements on the MK-44···TiO2 interface in solution containing Li+ ions, as 
manifested by a much thicker dye-layer (15.9 ± 1.0 Å) compared to that in solution in 
the absence of Li+ ions (9.2 Å).  
 
In addition, it should be noted that for the Li···N connection in the A2 mode, the 
final structure is different from the starting structure with respect to the coordination 
of Li+. During the geometry optimizations, Li+ inserts into the N···Ti bond. This 
should represent a good starting point for future investigations on the details of how 
Li+ can affect the adsorption on MK-44. 
 
4.8 Intramolecular S···C≡N charge transfer 
As MK-44 represents the most basic building block of the MK dye series, its 
molecular and electronic structures were further investigated by single-crystal X-ray 
diffraction analysis. A charge density analysis based on the XRD results by Jacqueline 
Cole and her colleagues, suggests an intramolecular bonding of S···C≡N and then a 
potential second intramolecular charge-transfer pathway for MK-44 from the S atom 
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in the thiophene ring to the C atom in the cyan group (Figure 4.7).109 
Figure 4.7 Two intramolecular charge-transfer pathways in MK-44. 
 
To further prove the additional electron-transfer pathway in MK-44 theoretically, a 
quantum-theory-of-atom-in-molecule (QTAIM) analysis was adopted based on the 
results of the DFT calculations. 
The QTAIM, which was first developed by Richard Bader and his research group in 
at McMaster University, 110 describes all the basic concepts in a molecular system, 
such as atoms, molecules, chemical bonds, which are naturally expressed by the 
system’s observable electron density distribution function. 
In AIM theory, molecular systems are divided into subsystems (atoms). The 
topology of the electron density, ρ(r), is used to define where one subsystem (atom) 
ends and the next begins. Each subsystem (atoms) is surrounded by a surface, through 
which the gradient vector field of ρ(r) has no flux: 
                         ∇ρ(r) ∙ n(𝐫) = 0                     (eq 4.1) 
where, ∇ρ(r) is the gradient of the electron density and n(r) is a unit vector normal 
to the surface. And at certain points, called critical points (CP), the gradient vanishes. 
A bond critical point (BCP) is one of the CPs to define a chemical bond between two 
neighboring atoms. The BCP is a saddle point of electron density with a maximum in 
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two directions of space, that electron density falls down in two perpendicular 
directions of space, and a minimum in the third direction, that electron density rises in 
the third direction. 
 
4.8.1 Bond-critical points (BCP) for free and adsorbed MK-44 
To examine any potential chemical bonds between the S1 and C20 atoms in MK-
44, MK-44 was initially studied in the gas phase by DFT calculations and a quantum-
theory-of-atoms-in-molecules (QTAIM) analysis (Figure 4.8). 
 
 
 
 
 
 
 
 
 
 
   (a)                   (b)                             (c) 
Figure 4.8 Bond-critical points for (a) free MK-44, (b) MK-44 adsorbed on (TiO2)9, 
and (c) MK-44 adsorbed on (TiO2)38; all calculated at the B3LYP/6-31g(d) level of 
theory. The BCP between S1 and C20 atoms in all the three models were pointed by 
the black arrows. 
 
C20 
S1 S1 
S1 
C20 
C20 
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All BCPs in Figure 4.8 are located between the S1 and C20 atoms (arrows), which 
represents strong evidence for the existence of an intramolecular chemical bond 
between S1 and C20 that would thus support the presence of an additional electron-
transfer pathway. 
 
MK-44 adsorbed on TiO2 via the A2 binding mode was also investigated by DFT 
calculations and a QTAIM analysis. To simulate the dye···TiO2 interface more 
precisely, (TiO2)9 and (TiO2)38 were used in these calculations. The results of these 
calculations show that after anchoring on the surface of TiO2 via N···Ti and O···Ti 
bonds, the BCP between S1 and C20 still exists, which indicates that the 
intramolecular bond was not broken upon adsorption and even promoted the 
formation of the A2 binding mode, in which the additional electron-transfer pathway 
can be constructed between the TiO2 surface and the donor of MK-44.   
 
4.8.2 Density of states (DOS) for free and adsorbed MK-44 
To further interpret the effect of the adsorption of MK-44 on its intramolecular 
charge transfer, the density of states (DOS) of adsorbed MK-44 was calculated. The 
total DOS (TDOS) and partial DOS (pDOS) are shown in Figure 4.9.  
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Figure 4.9: Density of states (DOS) plots for MK-44 in the gas phase (black) and for 
MK-44 adsorbed onto TiO2 via an A2 (red) or BB (blue) dye anchoring configuration. 
The top plot shows the TDOS; the middle and bottom plots display the pDOS 
distributions of 3d orbital of S atom (Sd) and 2p orbital of C atom (Cp), respectively.  
  
These plots display a large overlap between the Sd and Cp orbitals for the gas-
phase model of MK-44, confirming the existence of the experimentally observed 
S1⋯C20 bond.109 These plots also show a small yet noticeable overlap of the Sd 
contribution with the Cp orbitals upon adsorption of MK-44 onto TiO2 via either the 
A2 or BB binding mode. The calculated TDOS contribution of the A2 and BB binding 
modes are indistinguishable, and thus, the red curve represents the DOS of both 
modes. The associated PDOS contributions show very small differences, which are 
mostly located in the antibonding region. In these plots, the Sd and Cp pDOS overlap 
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appears very subtly in the models of the dye⋯TiO2 interface. This should be due to 
not only the cluster model, but also to the method that was used to obtain the DOS by 
expanding local to periodic wave-functions, which is somewhat limited. Thus, the 
conclusions drawn from the current computational results remain preliminary and 
have to be considered with caution. For more reliable results, a substantially better 
model must be developed, even though that may require significantly more extensive 
and complex calculations. 
 
4.9 Conclusions 
In this chapter, MK-44, i.e., the basic building block for the MK dye series, was 
systematically studied by UV/vis spectroscopy and DFT calculations, and compared 
to MK-2, which contains an extended π-bridge with long alkyl chains. The UV/vis 
spectra of MK-44 showed that a shorter π-bridge results in a lower absorption at 
shorter wavelength and a narrower absorption peak at longer wavelength compared to 
MK-2. In the absence of long alkyl substituents, the anchoring of MK-44 is more 
complex than that of MK-2. The results of DFT calculations showed that the 
COO/CN (A2) anchoring mode is only slightly more stable than bidentate bridging 
(BB) mode (E = 0.19 eV). In the presence of Li+ ions, the computational results for 
MK-44 adsorbed in A2 or BB mode show that the BB mode with Li···O bond is the 
most stable among the six possible Li···dye···TiO2 models that were examined. 
Moreover, these results are consistent with the results of X-ray reflectometry (XRR) 
measurements, which suggest that the adsorption mode of MK-44 changes from A2 to 
BB in the presence of Li+ ions. 
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A single-crystal X-ray diffraction analysis revealed that MK-44 contains an 
additional charge-transfer pathway between the sulfur atom of the thiophene ring and 
the carbon atom of the cyano group. This pathway and the S···C≡N bond were also 
reproduced by DFT calculations. Bond-critical points (BCPs) were calculated for free 
MK-44 and for MK-44 adsorbed on (TiO2)9 and (TiO2)38 clusters. The results of these 
calculations indicated the existence of BCPs between S1 and C20, which represents a 
strong piece of evidence for the presence of an S···C≡N bond. Calculations of the 
density of states (DOS) were used to interpret this chemical bond and showed an 
overlap between the Sp and Cd orbitals only for the free molecule, which is points 
towards the existence of the S···C≡N bond. 
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Chapter 5  
 
The Benzothiadiazole-based Dye RK-1 
5.1 Introduction 
The recently reported benzothiadiazole-based organic dye 2-cyano-3-(4-(7-(5-(4- 
(diphenylamino)phenyl)-4-octylthiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)phenyl) 
acrylic acid (RK-1) exhibits an energy-conversion efficiency of 10.20%, which is 
comparable to that of N719 (10.19%) under identical conditions.34 Moreover, devices 
containing RK-1 show an excellent stability after 2200 h at 65 oC under standard 
irradiation conditions.34 To further develop the performance of RK-1, derivatives that 
contain different anchor groups and substituents at the para position of the 
triphenylamine moiety were synthesized to be used in ZnO-based dye-sensitized solar 
cells (DSSCs). The results showed that RK1-based dyes generally performed very 
well with ZnO photoanodes.111 However, despite the promising potential of RK1, only 
few systematic investigations, especially on the RK-1···TiO2 interface, have been 
carried out. Thus, in this chapter, the optical and electrochemical properties of RK-1 
and the RK-1···TiO2 interface were investigated experimentally and computationally. 
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Figure 5.1. Chemical structure of RK-1.  
 
5.2 Methods and materials 
5.2.1 Experimental details 
Ultraviolet-visible (UV/vis) absorption spectra of RK-1 in solution (acetonitrile) 
and of RK-1/TiO2 nanocomposites were recorded on an Agilent8453 Diode Array 
spectrophotometer with a resolution of 2 nm.  
 
TiO2 (DSL 18NR-T, Dyesol) photoanodes (thickness: ~ 4 μm) were generated on 
well-cleaned FTO glass (Dyesol, TEC-15) using the doctor-blade technique, 
interspersed by drying. The resulting electrodes were sintered at 500 ºC for 30 min. 
All photoanodes were subsequently immersed overnight in an acetonitrile solution of 
RK-1 ([RK-1] = 6 × 10-5 M). 
 
Electrochemical impedance spectroscopy (EIS) measurements were carried out 
using an Autolab PGSTAT electrochemical workstation (frequency range: 10 mHz to 
100 kHz). The amplitude of the modulated signal was 10 mV. The tested samples 
were sealed devices with active area of 1.0 cm2. 
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5.2.2 Computational details 
Isolated dye structures were optimized using the Gaussian 09 software package90 at 
the B3LYP59/6-31g(d)71 level of theory, both for vacuum structures and those in 
acetonitrile solution (polarizable continuum model, PCM72; εMeCN = 35.68890). To 
simulate the interface between the dye molecules and the TiO2 nanoparticles, the 
optimized gas-phase structures of the dye molecules were initially absorbed onto a 
(TiO2)9 cluster,73 which offers a feasible balance between scientific accuracy and 
computational costs. The geometries of the adsorbed dye molecules were optimized at 
the same level of theory. All geometrically optimized structures were checked by 
subsequent vibrational frequency calculations at the same level of theory; single-point 
energy calculations were performed at the B3LYP/6-31g++(d, p) level of theory for 
the isolated dyes and at the B3LYP/6-31g(d) level of theory for the absorbed dyes. For 
the adsorption of cyanoacrylic and carboxylic acid groups onto TiO2 nanoparticles, 
two adsorption modes, i.e., the bidentate bridging (BB) and the COO/CN (A2) 
anchoring mode, are possible and were considered in the calculations. Theoretical 
UV/vis absorption spectra were calculated using time-dependent density functional 
theory (TDDFT) methods in acetonitrile (PCM) based on different functionals 
(B3LYP,59 CAM-B3LYP,60 wB97XD,93 and M062X61a) with the 6-31g(d) basis set.  
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5.3 Geometry optimizations for RK-1 and analysis of its frontier 
molecular orbitals  
The optimized structure of RK-1 in vacuo is shown in Figure 5.2. 
 
Figure 5.2 Deviations of the thiophene, benzothiadiazole, and benzene moieties of 
RK-1 from co-planarity; optimized at the B3LYP/6-31g(d) level of theory in vacuo.  
 
Figure 5.2 shows the optimized geometry for RK-1, which includes a deviation of 
the thiophene, benzothiadiazole, and benzene rings from a co-planar arrangement. The 
dihedral angles between the triphenylamine and the thiophene and between the 
thiophene and benzothiadiazole moieties are 6.53º and 9.45º, respectively. 
Considering these relatively modest deviations from co-planarity the triphenylamine-
thiophene-benzothiadiazole moiety should be able to act as an excellent π–conjugated 
structure for the electron-donor part of RK-1. Moreover, the dihedral angle between 
the benzene moiety and the cyanoacrylic acid group is also very low (0.60º), which 
should render the acceptor part almost co-planar. Therefore, an excellent π–
conjugation, and a concomitantly efficient electron injection should be expected upon 
adsorption onto TiO2. However, it should also be noted that the dihedral angle 
between the benzothiadiazole ring and the adjacent benzene ring is 30.55º, which 
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decreases the π–conjugation of the entire molecule. 
Figure 5.3 Frontier molecular orbitals for RK-1 calculated at the B3LYP/6-
31++g(d,p) level of theory in vacuo.  
 
The molecular orbitals were calculated based on the optimized structures in vacuo. 
As shown in Figure 5.3, the highest occupied molecular orbital (HOMO) is situated 
on the triphenylamine moiety and the following thiophene ring, while the lowest 
unoccupied molecular orbital (LUMO) is located on the benzothiadiazole and benzene 
rings, as well as on the cyanoacrylic acid group. An intramolecular charge transfer 
(ICT) is induced by the large π–conjugated area. The HOMO and LUMO energy 
levels for RK-1 are suitable for applications in DSSCs, as the energy of the LUMO 
level is higher than that of the conduction band (CB) of TiO2, which is required for 
the injection of electrons, and as the LUMO level is lower than the potential of the I-
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/I3- redox couple, which is required for the regeneration of the dye molecules. 
Moreover, neither the HOMO nor the LUMO are located on the alkyl chain, which 
means that the –C8H17 group has no effect on the electronic structure, and only serves 
as a means to reduce dye aggregation. 
 
5.4 UV/vis and emission spectra of RK-1 
5.4.1 UV/vis spectra of RK-1 in acetonitrile solution and adsorbed on 
TiO2 films 
The UV/vis absorption and emission spectrum of RK-1 in acetonitrile is shown in 
Figure 5.4.  
Figure 5.4 Absorption and emission spectra of RK-1 in acetonitrile ([RK-1] = 6 × 10-
5 mol-1 L). For emission spectroscopy measurements, the same samples were 
employed and excited by exposure to light of ex = 440 nm. 
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Figure 5.4 exhibits two absorption bands for RK-1 in acetonitrile at ~350 nm and at 
450-550 nm. The absorption band at longer wavelength (max = 490 nm) should be 
attributed to an ICT process in the dye molecules, while that at shorter wavelength 
(max = 472 nm) should be assigned to the aromatic π–π* electronic transition of the 
conjugated thiophene and benzothiadiazole rings. In the emission spectrum, the 
maximum of the emission peak was observed at 674 nm with a Stokes shift of 5571 
cm-1, indicating that this shift may be attributed to a structural reorganization via a 
rotation of the rings in the π-bridge. It is also noticeable that there are at least one 
peak in the middle and two shoulders in the emission band, which may be attributed 
to different processes of structural reorganization. The geometry of RK-1 in the 
excited state is discussed in Section 5.5.2. 
 
5.4.2 Concentration-dependent UV/vis spectra of RK-1 in acetonitrile 
Given that DSSC dyes commonly suffer from aggregation, it may be possible that 
RK-1 also aggregates in solution or when adsorbed on TiO2, which may lead to a 
bathochromic or hypsochromic shift of the UV/vis absorption spectrum. The UV/vis 
absorption peaks of RK-1 in acetonitrile at different concentrations ([1] = c0 = 6 × 10-5 
mol L-1, [2] = c0/2 = 3 × 10-5 mol L-1, [3] = c0/4  = 1.5 × 10-5 mol L-1, [4] = c0/8 = 7.5 
× 10-6 mol L-1, [5] = c0/16 = 3.75 × 10-6 mol L-1) are summarized in Table 5.1.  
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Figure 5.5 Concentration-dependent absorption spectra of RK-1 in acetonitrile ([1] = 
c0 = 6.0 × 10-5 mol L-1, [x] = c0 / 2x-1).  
 
Table 5.1. The concentration-dependent UV/vis absorption peaks of RK-1 in 
acetonitrile solution. 
 
Sample λmax,abs [nm] 
1 467 
2 479 
3 487 
4 490 
5 490 
 
The absorption peaks of RK-1 are subject to a hypsochromic shift (490  467 nm) 
upon increasing the concentration, which is consistent with H-aggregation.112 The 
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absorption peaks of 4 and 5 are identical, which suggests that RK-1 exist as a 
monomer in acetonitrile for concentrations < 7.5 × 10-6 mol L-1.  
 
5.5 TDDFT calculations on RK-1  
5.5.1 TDDFT calculations on RK-1 in acetonitrile 
To simulate the excitation processes of RK-1, TDDFT calculations on its optimized 
structure were carried out employing different long-range functionals. A summary of 
the results of these calculations is shown in Table 5.2. 
 
Table 5.2 First excitation energies for RK-1 in acetonitrile, calculated by TDDFT 
methods using different long-range functionals in combination with the 6-31g(d) basis 
set and the PCM model (experimental value given for comparison). 
 
Functional 
First excitation energy 
eV nm 
B3LYP 1.84 674.80 
CAM-B3LYP 2.69 460.51 
wB97XD 2.80 442.53 
M062X 2.68 461.79 
Experimental 
result 
2.53 490 
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Figure 5.6 Comparison of the values of the calculated first excitation energies for 
RK-1 and the experimental results obtained from UV/vis measurements. 
 
For aromatic molecules with extended π-conjugated structures (cf. Section 4.5), the 
percentage of the HF functional should be >25% to get a precise result, and 
accordingly the use of functionals with higher HF compositions has been 
recommended.105 Figure 5.6 shows the experimental UV/vis absorption peaks and the 
TDDFT-calculated first excitation energies for RK-1 in methanol using different long-
range functionals. A comparison between the experimental and theoretical results 
suggests that M062X (E = 0.15 eV) and CAM-B3LYP (E = 0.16 eV) afford the 
best agreement with the experimental results. Based on these results, M062X was 
used for the subsequent TDDFT calculations presented in this chapter.  
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Table 5.3 Energy (eV, nm) and oscillator strength values for RK-1, as well as sizable 
(f > 0.1) contributions of the molecular orbitals to the corresponding transitions.  
 
ES (n) 
First excitation 
energy 
[eV]     [nm] 
Oscillator 
strength (f) 
Composition 
1 2.685    461.79 1.3586 59.22% HOMO – LUMO 
4 4.0345 307.31 0.8638 68.43% HOMO – LUMO+2 
 
The contributions from the transitions between molecular orbitals to the first 
excitation energy values were also calculated (Table 5.3), and the results show that the 
ICT absorption bands should be attributed predominantly to the HOMOLUMO 
transition. The calculated excited-state transitions at higher energy should thus 
correspond to the experimentally observed absorption peaks at shorter wavelengths, 
which should be associated with overlapping π - π∗ transitions.81 The transition with n 
= 4 should be ascribed to the HOMOLUMO+2 π - π∗ transition, which exhibits 
localized-excitation (LE) character according to the molecular-orbital distribution 
shown in Figure 5.7. The LUMO+2 is mainly located on the triphenylamine, 
thiophene, and benzothiadiazole moieties.  
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Figure 5.7 HOMO and LUMO+2 for RK-1 in acetonitrile calculated at the B3LYP/6-
31g(d) level of theory. 
 
5.5.2 Optimized structures for the excited state (ES) of RK-1 
To better understand the origin of the Stokes shift, the excited-state (ES) structure 
of RK-1 in acetonitrile was also optimized. The metric parameters for the ground 
state (GS) and ES structures are listed in Table 5.5, and a juxtaposition of the 
corresponding optimized structures is shown in Figure 5.8. 
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Figure 5.8. Juxtaposition of the optimized structures for RK-1 in the ground (blue) 
and excited state (red) in acetonitrile; only selected atoms are labeled for clarity. 
 
Table 5.5 Structural parameters for the GS and ES structures of RK-1. 
 
 
 
 
 
 
 
Angles 1-4 are defined as the dihedral angles C28-C30-C32-C33 (between the 
triphenylamine benzene ring and the adjacent thiophene ring), C35-C36-C38-C40 
 Angle 
 1 2 3 4 
GS 45.47o -12.18 o -33.26 o 179.97 o 
ES 26.81 o -0.42 o -20.45 o 179.76 o 
ES-GS -18.66 o 11.76 o 12.81 o -0.21 o 
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(between the thiophene ring and the adjacent benzothiadiazole ring), C42-C44-C45-
C47 (between the benzothiadiazole and the adjacent benzene ring), and C49-C53-
C59-C61, respectively. 
 
As shown in Table 5.5, the angles 1-3, between different adjacent aromatic rings 
change significantly upon excitation (ES-GS = -18.66 to 12.81), which may be one 
possible explanation for the experimentally observed Stokes shift. Moreover, these 
three modes of twisting and the associated three dihedral angles may account for the 
observed thepeak and two shoulders in the emission band of RK-1 at 550-750 nm. In 
addition, the benzene ring and the adjacent cyanoacrylic acid group (angle 4) preserve 
a co-planar arrangement during excitation, i.e., the π-conjugation of the anchoring 
group should be able to promote an efficient electron injection when adsorbed onto 
the TiO2 film. 
 
5.6 Binding mode of RK-1 on TiO2 films 
The hypsochromic shift of the absorption peaks of RK-1 upon adsorption onto TiO2 
(Figure 5.9) indicates that the anchoring group binds in its deprotonated form at the 
dye···TiO2 interface,106 and generally, bidentate bridging (BB) anchoring modes are 
considered more stable than other anchoring modes for similar interfaces.74 
Furthermore, the cyanoacrylic acid group could also bind via the COO/CN binding 
mode to the surface of the TiO2 substrate, given that coordination of RK-1 to the 
Lewis-acidic Ti centers is possible via the O and N atoms. In order to investigate the 
adsorption of RK-1 in detail, the RK-1···TiO2 interface was optimized using the two 
most favorable deprotonated modes, i.e., A2 (COO/CN) and BB, on a (TiO2)9 cluster. 
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Adsorption energies were calculated according to equation 3.1 in Chapter 3.The 
results of these calculations, which are summarized in Table 5.6, show that the A2 and 
the BB mode are comparable in energy (E = 0.013 eV), which indicates that the 
binding mode cannot be simply determined on the grounds of energetic differences. 
These results also suggest that the two binding modes most likely co-exist and that the 
coordination mode is probably strongly influenced by the immediate environment of 
the dye···TiO2 interface.107 Thus, more experimental work, such as X-ray (XRR) or 
neutron reflectometry (NR) should be carried out in order to determine the binding 
mode of RK-1 on TiO2 with more accuracy. 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Absorption spectra of RK1 adsorbed on thin films of TiO2 (thickness: ~ 4 
μm) and in acetonitrile ([RK-1] = 7.5 × 10-6 mol-1 L). 
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Table 5.6. Adsorption-mode-dependent geometries of RK-1 on (TiO2)9 optimized at 
the B3LYP/6-31g(d) level of theory, and the corresponding adsorption energies. 
 
 
 
5.7 Electrochemical impedance spectroscopy (EIS) measurements on 
RK-1 
In the Nyquist plots of RK-1 and N719 (Figure 5.9), the larger semicircle is 
attributed to the impedance of the recombination at the TiO2/dye/electrolyte interface 
(RCT). The calculated RCT value of RK-1 (144.5 Ω/cm2) is slightly larger than that of 
N719 (138.0 Ω/ cm2), which indicates that the recombination of the sensitized TiO2 
electrode is slightly more effienciently to be suppressed by RK-1 than N719, and that 
this is in agreement with the photovoltaic results for the RK-1 device, which shows 
comparable open-circuit voltage values to the N719 device.34 And generally, RK-1 
shows a competitive ability to suppress recombination in photovoltaic devices. 
Adsorption 
mode 
Starting 
structure 
Final  
structure 
Adsorption 
Energy [eV] 
ΔEa  
[eV] 
A2 
 
-1.198 0 
BB 
  
-1.186 0.013 
CHAPTER 5 THE BENZOTHIADIAZOLE-BASED DYE RK-1           113 
 
 
Figure 5.9 EIS spectra of TiO2 electrodes sensitized with RK-1 and N719 (100 kHz - 
10 mHz) under the dark condition. The circuit illustrated here is identical to that of the 
tested sample. The active area of the sealed cell is 1.0 cm2. 
 
Table 5.7. Simulated data, RCT, Cμ and RS values of RK-1 from EIS measurements. 
 
 
 
 
5.8 Conclusions 
In this chapter, the previously reported organic dye RK-1 was investigated 
experimentally (UV/vis, fluorescence, and electrochemical impedance spectroscopy) 
and computationally (DFT and TDDFT calculations in vacuo, acetonitrile, and on a 
(TiO2)9 cluster).  
Dye RCT [Ω/cm2] Cμ [μF/cm2] RS [Ω] 
RK-1 144.5 0.000722 88.8 
N719 138.0 0.000715 95.7 
CHAPTER 5 THE BENZOTHIADIAZOLE-BASED DYE RK-1           114 
 
 
The UV/vis spectrum of RK-1 in acetonitrile revealed broad absorption bands in 
the visible region (max = 490 nm). The concentration-dependent UV/vis spectra of 
RK-1 in acetonitrile showed a hypsochromic shift upon increasing the concentration, 
which is consistent with H-aggregation. The UV/vis spectrum of RK-1 adsorbed onto 
TiO2 also exhibited a hypsochromic shift of the absorption band compared to the 
spectra of the dye in acetonitrile. This hypsochromic shift should be attributed to the 
deprotonation of the cyanoacrylic acid group during adsorption. The emission 
spectrum of RK-1 showed an emission band with one peak and two shoulders,  
indicating the presence of several different structural reorganization processes during 
excitation. The EIS spectrum of RK-1 revealed a competitive ability to suppress 
electron recombination (RCT = 144.5 Ω cm-2) compared to that of a device based on 
N719 (138.0 Ω cm-2).  
 
The results of the DFT/TDDFT calculations are in a good agreement with the 
UV/vis results, and were thus used to analyze the composition and contributions to the 
excitations in terms of molecular orbital transitions. The result of this analysis 
revealed that the ICT should be predominantly attributed to the HOMO-LUMO 
transition. Moreover, the geometry of RK-1 in the excited state was calculated, and 
the result showed that the three dihedral angles between the adjacent aromatic rings in 
the donor and the -bridge change significantly during the excitation, and that this 
may be consistent with the observed three peaks in the experimental emission 
spectrum. To investigate the behavior of RK-1 on the TiO2 surface, A2 and BB 
binding modes were calculated, and the results showed a relatively small difference in 
energy (0.013 eV), which suggests that the adsorption mode cannot be determined 
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solely on the basis of energetic differences, and that further experimental studies are 
required to unequivocally answer this question. 
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Chapter 6  
 
The Ruthenium-based Dyes N3 and N749 
6.1 Introduction 
Ruthenium-based dyes are the most commonly used high-efficiency sensitizers in 
dye-sensitized solar cells (DSSCs), especially N719 (di-tetrabutylammonium cis-
bis(isothiocyanato)bis(2,2′-bipyridyl-4,4'-dicarboxylato)ruthenium(II)),13b, 113 N3 (cis-
bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)ruthenium(II)), 13b, 13d, 113b and 
N749 (4,4',4''-tricarboxy-2,2':6',2'-terpyridine), the latter of which is also commonly 
known as Black Dye (BD).13c, 114 N719 is usually regarded as the industry standard for 
DSSC performance9a, 14 and the bench mark for conversion efficiency (10%).13b As the 
prototype for most Ru-based dyes, N3 also shows a competitive power-conversion 
efficiency (; PCE) of 11.2%.13d N749 is remarkable for its wide absorbance range, 
which covers the visible region and extends into the near-infrared (NIR) area,114 
reaching an efficiency of 10.4%.13c  
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Figure 6.1 Chemical structures of N3, N719, and N749 (Black Dye); cations are 
omitted for clarity.  
 
Ru-based dyes have been widely and systematically investigated with respect to 
their optical, electrochemical, and photovoltaic properties.113b, 114-115 However, 
ambiguity of the configuration and orientations of these dye molecules at the 
dye···TiO2 interface remains.116 To get a better insight into these topics, X-ray 
diffraction (XRD) was used to investigate the refined structure of N749,117 and X-ray 
reflectometry (XRR), which has been validated as an effective method to study the 
dye···TiO2 interface,118 was used to examine the behavior of N3 and N719 on TiO2 
films under varying conditions. In this chapter, the existence of multiple 
conformations of N749 anions discovered by XRD experiments was further 
investigated theoretically by density functional theory (DFT) methods. Moreover, acid 
dissociation constants of the carboxyl groups in N749 and N3 were examined 
experimentally and theoretically, as the deprotonation behavior of the anchor group is 
crucial for the anchoring of the dye molecules on the TiO2 surface. All X-ray 
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diffraction and X-ray reflectometry experimental results about N3 and N749 in this 
chapter were measured by Dr. Jacqueline M Cole and her colleagues.  
 
6.2 Computational details 
In Section 6.3, conformation 1 (shown in Figure 6.2, 1) was used as a starting point 
for geometry optimizations at the B3LYP59/6-31g(d)71 (H, C, N, O, S) and 
B3LYP/LANL2DZ119 (Ru) level of theory; the optimized structure is denoted as 6. 
Frequency calculations were carried out at the same level of theory to prove the 
absence of any imaginary frequencies. Subsequently, single-point energies were 
calculated for 1-6 at the same level of theory as for the geometry optimizations. 
 
The implicit method employed in Sections 6.5 and 6.6 was used to carry 
outgeometry optimizations of all deprotonated species for N3 and N749 in the gas 
phase at the B3LYP level59/6-31g(d)71 (H, C, N, O, S) or B3LYP59/LANL2DZ119 (Ru) 
level of theory. Subsequently, frequency and single-point energy calculations were 
carried out at the same level of theory to obtain the Gibbs free energy values based on 
the optimized geometries. In solution, all species were initially optimized, and then 
used to calculate single-point energies at the same level of theory using the solvation 
model based on density (SMD)120 and CPCM-UFF models,72b, 121 respectively. For the 
calculations of the solvation-free energies in the CPCM-UFF model, single-point 
energy calculations in the gas phase were performed on the optimized structures in 
solution, using the same level of theory.  
 
To calculate the pKa values with the explicit model, all deprotonated species with 
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four explicit water molecules were initially optimized geometrically in the gas phase 
and in solution, before frequency and single-point energy calculations were carried 
out. Then, single-point energy calculations were performed on the optimized 
structures in solution, using the same level of theory to obtain the solvation-free 
energy. With the explicit-assist method (details were shown in section 6.6.2), four 
explicit water molecules were removed after the geometry optimizations in solution, 
followed by a single-point energy calculation with and without the solvent effect 
using the CPCM-UFF model. 
 
6.3 Refined configuration of the N749 anions 
6.3.1 Conformations with varying orientations of the NCS groups 
N749 molecules contain three carboxylic acid groups that can potentially be used as 
anchors for the adsorption onto the TiO2 surface. Carboxylic acid groups can bind to 
the TiO2 surface, although carboxylates are generally regarded as better anchor 
groups.122 This is mostly due to the monodentate binding mode74 of the carboxylic 
acid group, which is less efficient than the bidentate bridging mode of the carboxylate 
anion. Generally, N749 is modeled under the assumption that it contains one 
carboxylate and two carboxylic acid groups.117 However, this assumption was not 
supported by previously reported crystal structures.13c, 123 In addition, the refined 
structure of the three NCS groups in N749 also needs to be determined in detail, as 
these NCS groups play an important role in the context of electron recombination by 
blocking the electrolyte from accessing the surface of TiO2 and the transparent 
conductive oxide (TCO).  
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Therefore, two single crystals of N749 were generated by evaporating the solvent 
from solutions of N749 in either methanol or methanol:acetonitrile (1:1, v/v), which 
allowed observing five conformations of the corresponding anion by single-crystal X-
ray diffraction analysis.117 For comparison, the structure of the anion was optimized 
by DFT calculations at the B3LYP/6-31g(d) (H, C, N, O, S) and B3LYP/LANL2DZ 
(Ru) levels of theory. 
   
1 
Symmetric anion 
2 
Asymmetric anion 1 
(major disorder  
component) 
3 
Asymmetric anion 1 
(minor disorder 
component) 
 
  
4 
Asymmetric anion 2 
(major disorder 
component) 
5 
Asymmetric anion 2 
(major disorder 
component) 
6 
Theoretically optimized 
anion (DFT) 
 
Figure 6.2 Experimentally observed symmetric (1) and asymmetric (2-5) 
conformations for the monoanion of N749, together with the DFT-optimized structure 
of monoanion of N749 (6). The asymmetric anions 1 (2, 3) are shown with relative 
occupancies: major (86%) and minor (14%). The axial and equatorial NCS disorder in 
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anion 2 (4, 5) are shown with relative occupancies: major (77% axial; 60% equatorial) 
and minor (23% axial; 40% equatorial). Arrows highlight disordered groups. 
 
6.3.2 Conformational energies  
To further investigate the conformations of the N749 anions (1-5) in terms of 
energy, DFT calculations were carried out at the B3LYP(24, 25)/6-31g(d)(26) (H, C, N, O, 
S) and B3LYP(24, 25)/LANL2DZ(27) (Ru) levels of theory. For the geometry 
optimizations, the structure of 1 was chosen as a starting point, which delivered 6 as 
the optimized structure. For the single-point energy calculations, all conformations (1-
6) were calculated at the same level as the geometry optimization mentioned above. 
 
Table 6.1 Conformational energies calculated by DFT methods. 
 
Conformation Energy [Hartree] ΔE [eV]a 
1 -2874.906 0.21 
2 -2874.597 8.63 
3 -2874.306 16.54 
4 -2874.742 4.68 
5 -2874.754 4.37 
6 -2874.914 - 
  a: ΔE refers to the energy difference between 1-5 and 6. 
 
Conformation 1 shows the lowest energy value among 1-6, indicating that 1 should 
energetically be the most stable conformation. Moreover, a very small energy 
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difference (~0.2 eV) was observed between 1 and 6, which exhibits an almost 
symmetric structure. Intuitively, this can be rationalized in terms of high levels of 
similarity between 1 and 6, due to the presence of three ordered NCS groups in both 
conformations. Furthermore, 1 most closely resembles the conventional model for the 
N749 anion with one carboxylate and two carboxylic acid groups. In consequence, 
due to its low energy and symmetric structure, 1 should be ideally suited as a starting 
point for modelling N749 in the gas phase or upon adsorption onto TiO2 films.  
 
In contrast, 2-5 form asymmetric anions, and their relatively large energy 
differences (~4.4 to 16.5 eV) relative to 6 should primarily be associated with the 
substantially distorted NCS ligands. Nevertheless, the energy differences seem 
relatively large, especially compared to solution-based computational results that 
show that the energy penalty for distortion of one NCS ligands in N749 is only 0.17 
eV.124 These large energy differences may thus arise from crystal-field forces that 
have a significant impact on molecular structures so that the solid-state-energy 
differences are higher than the solution-state-energy barriers. Moreover, in the 
solution-based calculations, the distortion of the NCS ligands affect mainly the Ru-N-
C angle, while in 2-5, the distortions of the NCS ligands primarily occur at the N-C-S 
angle, which may cause much larger energy differences. To examine this hypothesis, 
the energies of the NCS anions (NCS1-3), under the same geometric constraints as in 
2-5, were calculated at the B3LYP/6-31g(d) level of theory.  
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Figure 6.3 Calculated structure of 6, wherein S1-C19-N4 is denoted as NCS1, S2-
N20-N5 as NCS2, and S3-C21-N6 as NCS3. 
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The results show that most distortions of the NCS groups at the N-C-S angle lead to 
an energy penalty of ~ 1 eV. For NCS1 in 2, the main energy difference should be 
attributed to the N-C-S angle (157.60), as the other N-C-S angles are very close to 
180. For NCS2 in 3, the energy cost for distortion of the NCS ligand is much higher 
than for the other conformers, probably due to the unexpectedly short N≡C bond 
(0.93Å). Furthermore, the estimated total energy differences of the three distorted 
NCS ligands are in good agreement with the results listed in Table 6.1, which supports 
the notion that the main energy difference of the disordered conformations results 
from changes to the optimal N-C-S angle and the N≡C bond length.  
 
6.4 Calculating pKa values: theoretical background 
6.4.1 The thermodynamics of acid dissociation equilibria 
Acid dissociation constants, i.e., the so-called pKa values, are a quantitative 
solvent-specific index to measure the dissociation of a Brønsted acid (HA) and to 
describe the protonation and deprotonation state. The dissociation (in the following 
with water as a representative solvent) of an acid, HA, can be expressed by: 
                    𝐻𝐴(𝑎𝑞) ⇌  𝐻ା(𝑎𝑞) + 𝐴ି(𝑎𝑞)            (eq 6.1) 
The pKa value is defined as the negative decadic logarithm of the equilibrium 
constant, Ka: 
𝑝𝐾௔ = −𝑙𝑜𝑔𝐾௔                          (eq 6.2) 
𝐾௔ =
[஺ೌ೜ష ][ுೌ೜శ ]
[ு஺ೌ೜]
                           (eq 6.3) 
And given that 
∆𝐺∗ = −2.303𝑅𝑇𝑙𝑜𝑔𝐾௔                   (eq 6.4) 
  𝑝𝐾௔ =
∆ீ∗
ଶ.ଷ଴ଷோ்
                         (eq 6.5) 
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where R represents the ideal gas constant, T the temperature, ΔG* the Gibbs free 
energy of the reaction under standard conditions in solution, where an error of 1.36 
kcal/mol affords an error of 1 for the pKa value.  
     
To accurately calculate the pKa value of an acid in a certain solvent, two 
thermodynamic cycles have commonly been used in a direct method or a proton-
exchange method.125 In this thesis, the direct cycle (Figure 6.4) was adopted to 
calculate the pKa values for both the implicit solvent model126 and the implicit-
explicit model.125, 127  
 
Figure 6.4. Direct thermodynamic cycle for the dissociation of an acid, HA. GX, solv 
represents the free energy of solvation of a specific solute X. 
 
Based on the cycle shown in Figure 6.4, GHA, aq can be calculated according to: 
 
𝛥𝐺ு஺,௚௔௦ = 𝐺ுశ,௚௔௦ + 𝐺஺ష,௚௔௦ − 𝐺ு஺,௚௔௦                (eq 6.6) 
𝛥𝐺ு஺,௔௤ = 𝛥𝐺ு஺,௚௔௦, + 𝛥𝐺஺ష,௦௢௟௩ + 𝛥𝐺ுశ,௦௢௟௩ − 𝐺ு஺,௦௢௟        (eq 6.7) 
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Combining equation 6.6 and 6.7 leads to: 
 
𝛥𝐺ு஺,௔௤ = 𝐺ுశ,௚௔௦ + 𝐺஺ష,௚௔௦ − 𝐺ு஺,௚௔௦ + 𝛥𝐺ுశ,௦௢௟௩ + 𝛥𝐺஺ష,௦௢௟௩ − 𝐺ு஺,௦௢௟௩ 
                                                             (eq 6.8) 
 
The theoretical values for the Gibbs free energy of the proton in the gas phase (GH+, 
gas = -6.28 kcal/mol)128 and in solution (ΔGH+, solv = -265.9 kcal/mol)125 were obtained 
from previous reports. All other free energy values in the gas phase (GA- gas and GHA 
gas) were obtained from DFT frequency calculations on the corresponding optimized 
geometries in the gas phase. In these calculations, a value of 1.894 kcal/mol was used 
as a corrective term for the conversion of ΔGgas (1 atm) to ΔG*gas (1 M). 
 
Subsequently, after determining the free energies of solvation of A- and HA, the 
pKa values can be calculated according to: 
 
pK௔ =
ீಲష,೒ೌೞିீಹಲ,೒ೌೞା௱ீಲష,ೞ೚೗ೡିீಹಲ,ೞ೚೗ೡିଶ଻଴.ଶଽ
ଵ.ଷ଺ସସ
               (eq 6.9) 
 
6.4.2 Calculating the free energy of solvation 
The free energy of solvation is defined as the difference between the free energy of 
a species in the gas phase and in solution: 
 
𝛥𝐺௦௢௟௩ = 𝐺௦௢௟௡ − 𝐺௚௔௦                     (eq 6.10) 
 
However, according to a comment on the use of continuum solvent models,129 such 
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as the polarization continuum model (PCM),72 the free energy of solvation should be 
defined as: 
 
𝛥𝐺௦௢௟௩ = (𝐸௦௢௟௡ + 𝐺௡௘௦) − 𝐸௚௔௦                  (eq 6.11) 
 
where Esoln and Egas refer to the electronic energies of the solvent with and without the 
solvent effect, while Gnes refers to the sum of all non-electrostatic contributions to the 
solvation free energy. Quantum-chemistry software packages such as Gaussian09 
suggest calculating the solvation free energy according to eq 6.11.129 So far, two 
methods have been reported.125-126, 127 The first uses the SMD model,120 whereby G 
is explicitly shown in the calculating results. The second uses the difference in 
electronic energy for the optimized geometry in the presence or absence of the solvent 
field.126a Both methods were used to calculate the pKa values of N3, and the latter was 
chosen for all calculations in this chapter, as the results of the SMD model deviate too 
much from the experimental results. For the sake of completeness, the results of the 
SMD calculations are shown in Appendix B. All calculations were based on water as a 
solvent. 
 
6.5 Calculating pKa values with the implicit method. 
6.5.1 Calculating the pKa value of N749 in water 
N749 contains three carboxylic acid groups that can be deprotonated in a stepwise 
fashion:  
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𝐵𝐷𝐻3 ⇌ 𝐵𝐷𝐻2ି + 𝐻ା    pKa1  
𝐵𝐷𝐻2ି ⇌ 𝐵𝐷𝐻1ଶି + 𝐻ା  pKa2  
𝐵𝐷𝐻1ଶି ⇌ 𝐵𝐷𝐻0ଷି + 𝐻ା  pKa3 
Scheme 6.1. Stepwise deprotonation of N749 and the corresponding acid-base 
equilibria. 
 
To further determine the deprotonation path of N749, all deprotonated forms were 
denoted as BDHx, which is consistent with a previous study,126b (x = 0-3, whereby x 
refers to the number of protons left in the Black Dye). BDH2 (BDH2_A and 
BDH2_B) and BDH1 (BDH1_A and BDH1_B) consist of two isomers each. All 
structures are shown in Figure 6.5. To compare the stability of the isomers, the Gibbs 
free energies in solution were calculated using equations 6.10 and 6.11.129 
 
𝐺௦௢௟௡ = (𝐸௦௢௟௡ + 𝐺௡௘௦) + 𝛥𝐺௖௢௥௥         (eq 6.12) 
 
wherein ΔGcorr refers to the thermal contribution to the Gibbs free energy in the gas 
phase. Thus, in terms of the Gibbs free energy in solution, the species BDH2-_A and 
BDH-_A are the most stable structures (Table 6.3). 
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Table 6.3. Relative Gibbs free energies of BDH2_A and BDH2_B; BDH1_A and 
BDH1_B. 
 
 
 
 
 
Subsequently, the implicit method with the CPCM-Universal Force Field (UFF) 
was used to calculate the pKa values of all deprotonated forms of N749 as outlined in 
Scheme 6.1. 
 
The fully protonated species contains two potential deprotonation sites, i.e., a 
carboxylic acid group attached to the central pyridyl moiety, and two carboxylic acid 
groups attached to the adjacent pyridyl moieties; for the first deprotonation, pKa 
values of 3.12 (pKa1 for BDH3/BDH2_A) and 3.32 (pKa1 for BDH3/BDH2_B) were 
calculated, which suggests that the proton on the lateral carboxyl acid groups are more 
acidic that that on the central pyridyl moiety, and that the initial deprotonation should 
occur there. The relatively higher pKa value of the proton of the carboxyl acid group 
attached to the central pyridyl moiety is trans to a more electron-donating NCS 
ligand, which increases the acidity of this carboxylic acid group via π-back-
bonding.130 Accordingly, the diprotonated species (BDH2) should also show two 
possible deprotonation sites on the lateral and the central pyridyl moiety. At this stage, 
both carboxylate anion and anionic NCS ligand should donate electron density to the 
lateral and central carboxylic acid groups at the trans positions, respectively. Based on 
 A 
(kcal/mol) 
B 
(kcal/mol) 
BDH2- 0.00 0.27 
BDH1- 0.00 0.76 
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calculations of the Gibbs free energy in solution, BDH1_A should be the most stable 
isomer so that the central carboxyl acid group is involved in deprotonation. 
Subsequently, the last proton on the lateral carboxylic acid group should dissociate. 
 
Table 6.4 Calculated pKa values for all deprotonated forms in Scheme 5.1 using the 
UFF model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Acid/base couple UFF 
BDH3/BDH2_A 3.12 
BDH3/BDH2_B 3.32 
BDH2_A/BDH1_A 4.00 
BDH2_A/BDH1_B 4.56 
BDH2_B/BDH1_A 3.80 
BDH2_B/BDH1_B 4.36 
BDH1_A/BDH0 5.65 
BDH1_B/BDH0 5.09 
CHAPTER 6 THE RUTHENIUM-BASED DYES 3 AND N749        133                                                                    
 
 
 
Figure 6.5. Optimized molecular structures of BDHx complexes (x = 0-3). 
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Figure 6.6. Schematic representation of the deprotonation pathways of BDH3 with 
the corresponding DFT-derived pKa values. The pathways with the lowest pKa values 
are highlighted.  
 
This calculated deprotonation pathway is not consistent with the path suggested on 
the basis of previously reported experimental results,130 which include only two 
protonation equilibria. One is a simultaneous two-proton dissociation involving the 
peripheral pyridyl moieties, while the other describes the subsequent deprotonation of 
the central pyridyl moiety: 
 
         𝐵𝐷𝐻3  ⇌ 𝐵𝐷𝐻1ଶି + 2𝐻ା    pKa1&2 = 3.3      (eq. 5.13) 
         𝐵𝐷𝐻1ଶି ⇌ 𝐵𝐷𝐻ଷି + 𝐻ା       pKa3 = 5.0       (eq. 5.14) 
 
Scheme 6.2. Acid-base equilibria for the stepwise deprotonation of N749 reported in 
reference 127. 
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However, in this previous study on another ruthenium-based dye, N3,130 only two 
inflection points were found in the solution UV/vis spectrum (pH = 2-11); the first 
inflection point was assigned to the simultaneous dissociation of two protons, a notion 
that was also proposed by the results of a different study.131 However, this hypothesis 
was disproved by a recent study using more advanced experimental and theoretical 
methods, which discovered four inflection points in the UV/vis spectrum and 
accordingly four pKa values, which were feasibly embedded in a theoretically 
calculated model.126a Due to the limitations of the research methods at an early stage, 
and due to the similarity of N3 and N749, it could be speculated that there may be a 
third inflection point in the UV/vis spectrum of N749 that has not yet been 
discovered. 
 
Furthermore, the experimental results for the second deprotonation of N749 suggest 
that the deprotonation occurs at the lateral pyridyl moiety (BDH2_A  BDH1_B), 
while the calculations suggest a deprotonation of the COOH group of the central 
pyridyl moiety (BDH2_A  BDH1_A). Intuitively, BDH1_B, wherein only one 
carboxylic acid is connected to the central pyridyl moiety, should be more stable than 
BDH1_A on account of its symmetrical geometry, which is supported by theoretical 
calculations that suggest a lower energy for BDH1_B relative to BDH1_A in the gas 
phase and in aqueous solution. However, when the solvation free energy is 
considered, the formation of BDH1_A is favored (vide supra), which may be caused 
by the solvent effect of the polar solvent molecules. 
 
Although the calculated pKa1 (3.12) and pKa2 (4.00) values differ from the 
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experimental results (pKa1&2 = 3.3 ± 1) less than one pKa unit and the calculated 
pKa3 value (5.09) is very closed to the experimental value (pKa3 = 5.0 ± 1), the 
calculation method is still very limited due to the discrepancy of deprotonation 
pathway between theoretical and experimental results. 
 
6.5.2 Calculating the pKa value of N3 in water 
In N3, there are four carboxylic acid groups at which the deprotonation may occur, 
and therefore, four stepwise deprotonation equilibria may be formulated:  
 
       𝑁3𝐻4 ⇌  𝑁3𝐻3ି + 𝐻ା   pKa1  
𝑁3𝐻3ି ⇌ 𝑁3𝐻2ଶି + 𝐻ା  pKa2  
𝑁3𝐻2ଶି ⇌ 𝑁3𝐻1ଷି + 𝐻ା  pKa3 
𝑁3𝐻1ଷି ⇌ 𝑁3𝐻0ସି + 𝐻ା  pKa4 
Scheme 5.3. Stepwise acid-base equilibria for N3. 
 
The deprotonated forms of N3 are denoted as N3Hx (x = 0-4; wherein x refers to 
the number of protons left in N3). N3H3 consists of the two isomers N3H3_A and 
N3H3_B; N3H2 consists of the four isomers N3H2_A, N3H2_B, N3H2_C, and 
N3H2_D; N3nH1 consists of the two isomers N3H1_A and N3H1_B. Selected 
structures of these N3 complexes in the deprotonation pathway are shown in Figure 
6.7. 
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Figure 6.7. Schematic representation of the deprotonation pathway for N3, together 
with experimentally measured pKa values.126a 
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Figure 6.8 Optimized molecular structures for N3Hx (x = 0-4) complexes in the 
deprotonation pathway (cf. Figure 6.7). 
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The deprotonation pathway of N3 has recently been determined in the context of a 
combined experimental and theoretical study.126a 
 
In the context of this chapter, the implicit method with CPCM-UFF was used to 
calculate the pKa values (Table 6.5) of the deprotonated forms of N3 according to the 
pathway shown in Figure 6.7. 
 
Table 6.5 Calculated pKa values for the deprotonated forms shown in Figure 6.7 using 
the UFF model, together with the error between the calculated and experimental 
results. 
 
 Exp. UFF Err. 
pKa1 1.33 2.06 0.73 
pKa2 2.24 3.16 0.92 
pKa3 3.45 4.43 0.98 
pKa4 4.20 5.68 1.48 
 
Based on the deprotonation pathway (Figure 6.7), N3H4 should lose its first proton 
(N3H4  N3H3_A) at the pyridyl moieties cis to the NCS ligands, which experience 
less electron donation from the anionic NCS ligands than the protons at the trans 
positions.126a The second deprotonation (N3H3_A  N3H2_A) should occur at the 
already deprotonated di-pyridine ligand. This could be explained in a similar fashion 
as for N749, i.e., the carboxylate formed during the first deprotonation may offer 
electron density to the pyridyl group at its trans positions, which would decrease the 
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acidity of the attached COOH group, leading to a higher pKa value. The third 
deprotonation occurs, as the first, on the pyridyl ligand cis to the NCS ligand, before 
the last proton dissociates. 
 
The theoretically calculated pKa1, pKa2, and pKa3 values exhibit errors of less than 
1 pKa unit compared to the experimental results. However, pKa4 is associated with a 
relatively large error of 1.48 pKa units. The deviation relative to the experimental 
results seems to increase with increasing negative charge of the deprotonated species. 
This may be due to the use of the implicit model, which might underestimate the 
interactions between highly charged species and the water molecules. Thus, an 
explicit method may be required to more accurately describe the interactions between 
the solvent molecules and highly charged ions.  
 
6.5.3 Calculating the pKa value of N3 in organic solvents 
Solvents may change the orientation or the binding mode of dye molecules during 
sensitization and aggregation.131-132 Moreover, the performance of DSSC devices may 
depend on the dielectric constant of the solvent used during dye sensitization.133 For 
dye sensitization, the OH bonds of the carboxylic acid groups play an important role 
for the dye···TiO2 interface and intramolecular interactions, and accordingly, it should 
be important to evaluate the pKa values of these COOH groups in solvents other than 
water.  
 
The pKa values of N3 in MeOH, EtOH, MeCN, and DMSO (Table 6.6) were 
calculated using the same method as described in Section 6.5.2 under the assumption 
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that the deprotonation pathway remains unchanged. 
 
 Table 6.6. Calculated pKa values of N3 using the CPCM-UFF model in different 
solvents. 
 
EtOH MeOH MeCN DMSO Water 
pKa1 6.48 4.42 6.83 1.97 2.05 
pKa2 8.10 5.93 8.35 3.28 3.15 
pKa3 9.90 7.54 9.96 4.69 4.42 
pKa4 11.92 9.26 11.69 6.17 5.67 
ε72b,a 24.85 32.61 35.69 46.70 78.36 
Polarity index134 4.0 5.1 5.8 7.2 10.2 
Gsolv, H+ 
[kcal/mol] 
-261.23 
135 
-263.50 
135 
-260.20 
135 
-266.4 
136 
-265.90 
a ε is the dielectric constant of the solvent.  
 
The results show that for H2O, MeOH, and EtOH, which share the common 
structure XOH (X = -H, -Me or -Et), the pKa values decrease with increasing solvent 
polarity, since the electronegativity of the O atom changes from -H to -Et. MeCN and 
DMSO do not contain XOH bonds, and should thus exhibit different mechanisms of 
solute-solvent interactions, which should lead to a different trend in their pKa values. 
Additionally, it should be noted that the calculated pKa value in a specific solvent 
depends on the solvation free energy of the proton in that solvent.135-136 Unfortunately, 
a unified way to determine the solvation free energy has not yet been developed, and 
therefore, the calculation will be associated with an error, e.g. for Gsolv,H+ in DMSO, 
values of 266.4 and 268.64 kcal/mol have been obtained using different methods,135-
136 leading to an error of 0.91 pKa units for the calculation of pKa1. Thus, in a 
particular solvent, the specific interaction mechanism of solute and solvent needs to 
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be considered during the calculation to furnish more accurate pKa values and 
deprotonation pathways. 
 
6.6 Calculating the pKa value of N3 in water using an implicit-explicit 
method 
6.6.1 The thermodynamic cycle of dissociation in the explicit model 
To more accurately describe the interactions between negatively charged ions and 
solvent molecules (cf. Sections 6.5.2 and 6.5.3), and to develop an explicit way to 
calculate pKa values in solvents other than water, H2O molecules were added 
explicitly to the COOH groups in the previously discussed implicit model. The direct 
thermodynamic circle should thus be modified according to: 
 
 
Figure 6.9 Direct thermodynamic cycle of the dissociation of HA using explicit 
solvent molecules on all COOH groups. 
 
By analogy to the discussion of the thermodynamics in Section 6.4.1, the pKa value 
can be calculated according to: 
 
pK௔ =
ீ೉ಹమೀ•ಲష,೒ೌೞିீ೉ಹమೀ•ಹಲ,೒ೌೞା௱ீ೉ಹమೀ•ಲష,ೞ೚೗ೡିீ೉ಹమೀ•ಹಲ,ೞ೚೗ೡିଶ଻଴.ଶଽ
ଵ.ଷ଺ସସ
    (eq 6.13) 
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However, for the calculations in the gas phase, errors may be induced, as the extra 
interactions of hydrogen bonds should not be considered in the calculation. Therefore, 
an explicit-assist method was adopted, i.e., the explicit model was used only to 
optimize the molecular geometry in solution, before the solvent molecules were 
removed for the subsequent calculations. 
 
6.6.2 Calculating the pKa value of N3 using the explicit-assist method 
For these calculations, four water molecules were explicitly connected to the four 
COOH groups of N3. The optimized structures of the deprotonated forms in the 
deprotonation pathway (Figure 6.7) are shown in Figure 6.10. 
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Figure 6.10. Optimized molecular structures of N3Hx (x = 0-4) containing four 
explicit water molecules in the deprotonation pathway (cf. Figure 6.7). 
 
The calculated pKa values using the explicit-assist methodology are summarized in 
Table 6.7. The results show that the addition of explicit water molecules affords a 
pKa1 value that is much closer to the experimental result (∆pKa = 0.22), which may 
be due to the modification of the geometry in solution by the explicit water molecule. 
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However, for the negatively charged forms N3H2_A and N3H1_B, the calculated 
results still deviate from the experimental results, and do not exhibit any improvement 
relative to those of the purely implicit method. The interactions of highly charged ions 
in solution therefore still require further theoretical studies to be described 
appropriately. 
 
Table 6.7. Calculated pKa values for N3 using an explicit-assist method. 
 
 Exp. Explicit-assist Err. 
pKa1 1.33 1.55 0.22 
pKa2 2.24 3.03 0.79 
pKa3 3.45 5.35 1.90 
pKa4 4.20 5.45 1.25 
 
6.7 Conclusions  
In this chapter, the deprotonation behavior of the two well-known Ru-based dyes 
N3 and N749 (Black Dye) was investigated theoretically. For N749, five anionic 
conformations were determined theoretically, which differ with respect to the 
deviation from linearity of the NCS ligands. Conformation 1 showed the most stable 
molecular structure in terms of energy, and should thus represent a good starting point 
for geometry optimizations. Conformations 2-5 show higher energies that are mainly 
due to the higher deviation from linearity of the N-C-S ligand, and the contraction of 
the N≡C bond in the NCS ligands. To investigate the deprotonation pathway of N749, 
pKa values for all possible dissociation processes in water were calculated by DFT 
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methods based on an implicit model. The results show a lateral-central-lateral 
deprotonation pathway of the COOH groups attached to the pyridyl moieties. This 
pathway stands in contrast to previously reported experimental studies that have 
proposed a simultaneous deprotonation of two COOH groups at lateral pyridyl 
moieties. However, due to the limitations of the experimental conditions and the 
employed analysis methods, these results may not be sufficiently accurate, and 
therefore, more advanced experiments to measure the pKa values of N749 are 
required. Exclusively in terms of pKa values, those calculated for N749 in this chapter 
(pKa1 = 3.16; pKa2 = 4.00; pKa3 = 5.09) are closed to the experimental results (pKa1 
and pKa2 = 3.3; pKa3 = 5.0).  
 
For N3, based on the previously reported deprotonation pathway, five deprotonated 
species were theoretically studied, and their pKa values were calculated by a purely 
implicit as well as an explicit-assist method. With the implicit method, the calculated 
pKa values of mildly negatively charged species (N3H4, N3H3_A) show good 
agreement with the experimental results. However, for strongly negatively charged 
species (N3H2_A and N3H1_B), larger deviations were observed relative to the 
experimental results. With the explicit-assist method, the calculation of pKa values of 
mildly negatively charged species were further improved and showed even smaller 
errors relative to the experimentally obtained values, whereas the pKa values of 
strongly negatively charged species still require a further advanced method to describe 
the interactions that occur during the corresponding deprotonation processes.  
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Chapter 7  
 
Conclusions and Future Work 
7.1 Conclusions 
This thesis has endeavored to examine structure-property relationships of dyes with 
respect to their application in dye-sensitized solar cells (DSSCs). Several organic and 
ruthenium-based dyes were investigated by experimental and computational methods. 
  
Initially, a series of quinomethane-based dyes in solution and adsorbed on TiO2 
films was systematically investigated by means of spectroscopy, electrochemical 
measurements, and theoretical calculations. The investigated dyes revealed a strong 
intramolecular charge-transfer character and well-suited frontier molecular orbital 
energy values that should facilitate applications in DSSCs. Details of the dye…TiO2 
interface were revealed by a hypsochromic shift of the major absorption peaks in the 
UV/vis spectrum, which indicates a deprotonation of the anchoring group during 
adsorption. Subsequently, this notion was further examined by DFT/TDDFT 
calculations, which demonstrated that the deprotonated bidentate-bridging (BB) mode 
is the most probable binding mode for both the carboxylic and cyanoacrylic acid 
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anchor groups in these dyes. Compound 2 showed the best performance in devices, 
and reached a conversion efficiency of 30% relative to that of the benchmark dye 
N719. This should be attributed to the dimethylaminophenyl ring, which is twisted in 
the excited state according to the corresponding fluorescence spectra and calculations. 
Subsequently, two previously reported highly efficient carbazole-based organic 
dyes were investigated in order to determine the structure-property relationship that is 
responsible for their good performance. MK-44, which represents the basic building 
block for the MK dye series, was examined with respect to its electronic structure, 
potential anchoring modes, and alternative charge-transfer pathways. The 
computational results showed that the COO/CN (A2) anchoring mode is only slightly 
more stable than the BB mode, and that the anchoring modes can change from A2 to 
BB upon addition of Li+ ions to the electrolyte. Furthermore, an additional charge-
transfer pathway for the S···C≡N bond was reproduced by calculating bond-critical 
points and density of states. For the benzothiadiazole-based dye RK-1, the frontier 
molecular orbitals, intramolecular charge-transfer properties, excitation processes, and 
electrochemical properties were investigated. H-aggregation of RK-1, commensurate 
with a hypsochromic shift of the principal absorption peaks in the UV/vis spectra, was 
observed in solution and on TiO2 films. The binding modes on TiO2 film could not be 
determined unequivocally by calculations, given that the BB and the A2 modes 
exhibited very similar adsorption energy values. 
 
Finally, two well-known Ru-based dyes N3 and N749 (Black Dye) were 
investigated theoretically. The most stable anionic conformation of N749 was 
determined theoretically, and the energy difference between conformations was 
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ascribed predominantly to a twisting of the NCS ligands. Acid dissociation constants 
for all possible dissociation processes were calculated by DFT methods. Implicit 
models were adopted for N749, and the calculated values were closed to the 
experimental results, although the details of the dissociation processes require further 
experimental in order to draw unambiguous conclusions. For N3, both implicit and 
explicit-assistant methods were used. For species that contain moderate negative 
charges, calculated values with both methods showed good agreement with the 
experimental results, while the explicit-assist method afforded improved values. 
However, for the pKa values of species that are more negatively charged, a more 
advanced method to describe the interactions that occur during the corresponding 
deprotonation processes is required.  
 
7.2 Future work 
Based on this thesis, several research avenues could be pursued to directly extend 
the results and conclusions obtained from this thesis. 
  
  Firstly, the performance of quinomethane-based dyes is still relatively low 
compared to that of Ru-based dyes. However, given that the results of the present 
thesis suggest that the twisting of the dimethylaminophenyl ring should be responsible 
for the good performance of 2, this may offer an opportunity to design highly efficient 
organic dyes. A molecular engineering project based on this quinomethane structure 
should thus look at different combinations of donor and anchor groups that result in a 
similar twist of the aryl ring in the excited state, while maintaining the injection 
efficiency and improving the photovoltaic properties.  
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Secondly, the change of adsorption mode of MK-44 upon adding Li+ ions to the 
electrolyte is very unique and highly intriguing, even though the details of the 
underlying mechanism are still not fully understood. Furthermore, the change of 
adsorption mode in certain electrolytes is significant for the device performance due 
to its liquid working environment. Thus, to further clarify the mechanism of this 
process and to explore the potential application of this change, molecular dynamics 
calculations could be adopted to simulate this change of binding mode.  
 
Thirdly, for calculating acid dissociation constants of N749, the details of the 
dissociation processes, i.e., the presence of a simultaneous two-proton and/or stepwise 
one-proton dissociations, are still unclear, and therefore, more accurate experimental 
measurements and more advanced data analysis methods are required. For the titration 
measurements, pH meters could be used to obtain more precise pH values in solution. 
Subsequently, a singular-value decomposition method could be used to identify 
absorption curves of different chromophores from the UV/vis spectra. Then, a reliable 
theoretical model could be developed, especially under consideration of explicit 
solvent molecules. As mentioned in Chapter 5, the NCS ligand trans to the central 
carboxylic acid group might play an important role for the dissociation, and explicit 
solvent molecules need to be connected not only to the three carboxylic acid groups, 
but also to the NCS ligands. Thus, a proper explicit model with solvent molecules 
connected to electronegative atoms is needed to calculate the acid-base properties of 
dye molecules. 
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APPENDIX  
 
A Fabrication of Dye-Sensitized Solar Cell devices 
A1 Unsealed Fabrication 
A1.1 Preparation Method 
(I) Glass cutting and marking 
(i) The expected photoanode size is ~1.5 cm × 1.0 cm, with an inner active area of 1 
cm × 1 cm. Initially, the FTO glass is cut into pieces of 3.0 cm × 4.0 cm, before 
Scotch tape is added (cf. Figure 2.2) and every electrode is numbered. 
 
 
 
 
 
Figure A1. Scheme for the Scotch taping of 3.0 cm × 4.0 cm FTO glass. 
 
(ii) The counter electrode size is ~1.5 cm × 1.75 cm, with an inner active area of 1.5 
cm × 1.75 cm. As in step 1, the FTO glass is cut into parts of 3.0 cm × 7.0 cm, before 
Scotch taping this part slightly (Figure 2.2), and numbering every electrode. 
(iii) Before cutting, a multimeter is used to ensure that the FTO is face down. Any 
contact with e.g. metal rulers or metal tweezers with the FTO should be avoided, as 
this may compromise the surface. Special care should be taken with tiny shards of 
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FTO glass on the desk surface, as these may damage and the FTO conductive layer 
and/or yourself. 
 
(II) Glass Cleaning  
(i) The glass pieces are placed in an detergent solution (2 L) that contains 10 mL 
Decon and deionised (DI) water, and sonicated for ~15 min. 
(ii) The glass pieces are washed with DI water, placed in more DI water, and 
sonicated again for ~15 min. 
(iii) The glass is put in ethanol and sonicated for ~15 min. 
 
A1.2 Fabrication of Photoanodes 
(I). Doctor-blading and Sintering TiO2 Paste 
             
(a)                   (b)                  (c)    
Figure A2. Schematic illustration of the doctor-blading process. (a) Fixing the 
FTO glass with 3M tape. (b) Doctor-blading the titania paste on the exposed are. (c) 
Removing the tape after doctor-blading is finished. 
 
(i) A multimeter was used to ensure that the FTO side of the glass was facing 
upwards.  
(ii) Two strips of 3M magic tape were deposited at the left/right side of the FTO glass 
surface for masking purposes (Figure A2a), and the tapes were pressed down with a 
stirring rod to expunge air bubbles. 
(iii) TiO2 paste was deposited with a cocktail stick onto the upward facing surface of 
the fixed FTO glass. 
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(iv) A stirring rod was used to doctor-blade the TiO2 layer, sliding the paste down the 
glass smoothly (Figure A2b to A2c). And then remove 3M strip. 
(v) The FTO glass with TiO2 paste was loaded into an oven, and the temperature was 
increased from room temperature to 500 °C (temperature gradient: ca. 8 °C/min), 
where it was for 30 min for sintering purposes. 
(vi) After cooling the electrode, (i)-(v) were repeated to increase the number of layers 
of TiO2.  
 
(II). Sensitization 
(1) Dye solutions (0.5 mM) in a suitable solvent (MeOH for Ru-based dyes N3/N719) 
were prepared. 
(2) The dye solution was transferred into a petri dish, before the TiO2-coated FTO 
glass was fully immersed in the solution. The petri dish was sealed with parafilm and 
left overnight. 
 
A1.3 Fabrication of Pt Counter Electrodes 
(I) Preparation of H2PtCl6 Solutions 
(i) Chloroplatinic acid hexahydrate (H2PtCl66H2O) was dissolved in isopropanol to 
reach a final concentration of 52 mM. 
(II) Doctor-blading and sintering H2PtCl6 Solution 
(i) A multimeter was used to ensure that the FTO side of the glass was facing 
upwards.  
(ii) Two strips of 3M magic tape were deposited at the left/right side of the FTO glass 
surface for masking purposes (Figure A2a), and the tapes were pressed down with a 
stirring rod to expunge air bubbles. 
(iii) Chloroplatinic acid was deposited along the top edge on the coated side of the 
FTO glass. A glass pipette was used to spread the material in a downward motion on 
the surface. The glass was subsequently heated slowly to avoid cracking.  
(iv) The FTO glass was slowly heated (15 oC/min) to 385 oC, where it was kept for 30 
min. 
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A1.4 Assembling DSSCs 
(I) One or two drops of electrolyte were deposited onto the sensitized photoanodes. 
(II) Bulldog clips were used to press the mask, photoanode and counter electrode 
from both sides (Figure A3).  
 
 
 
 
 
 
 
 Figure A3. Schematic illustration of the assembling of DSSCs.  
 
A2 Sealed Fabrication 
A2.1 Preparation 
(I) Glass cutting and hole drilling.  
(i) An electrode ( ~2 cm x 1.5 cm; inner active area size: 1 cm x 1 cm) was used. 
(ii) Holes were drilled from both sides of the FTO glass to avoid breaking. 
(II) Glass cleaning 
The same as step in A1.1, Preparation, (II).  
 
A2.2 Fabrication of Photoanodes 
(I) Doctor-blading and Sintering TiO2 Paste 
(i) Use a multimeter to make sure the FTO side of the glass is face up.  
(ii) Put two strips of 3M magic tape at the left/right side of the FTO glass for masking 
purposes. 
(iii) Transfer TiO2 paste onto the top of the electrode. 
(iv) Use a pipette to doctor-blade the TiO2 layer sliding the TiO2 paste down the glass 
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smoothly. 
(v) Put in the oven. Ramping rate ca. 8 °C/min from room temperature to 500 °C and 
maintain for 30 min for sintering purposes.  
(II) Sensitization 
Identical to A1.2, Sensitization (II). 
 
A2.3 Fabrication of Pt counter electrodes 
(i) A multimeter was used to ensure that the FTO side of the glass was facing 
upwards.  
(ii) Two strips of 3M magic tape were deposited at the left/right side of the FTO glass 
surface for masking purposes (Figure A2a), and the tapes were pressed down with a 
stirring rod to expunge air bubbles. 
(iii) Chloroplatinic acid was deposited along the top edge on the coated side of the 
FTO glass. A glass pipette was used to spread the material in a downward motion on 
the surface. The glass was subsequently heated slowly to avoid cracking.  
(iv) The FTO glass was slowly heated to (15 oC/min) 400 oC, where it was kept for 30 
min.  
(iv) The FTO glass was immersed in the dye solution overnight. 
 
A2.4 Assembling DSSCs 
(i) Thermoplastics (known as Surlyn) were cut into suitable pieces (~ 1.5 cm x 1.5 
cm; inner area: 1 cm x 1 cm). 
(ii) Clean plastic tweezers were used to dip the Surlyn in acetonitrile in order to 
improve the contact with the electrodes.  
(iii) The thermoplastics were placed between the two electrodes and hot pressed (~ 
120 oC) firmly on the top. 
(iv) The thermoplastics has to melt and a nitrogen gun can be used for cooling. 
(v) A syringe with a sharp tip was used to inject electrolyte through the holes. Vacuum 
can be used to distribute the electrolyte over the entire active area. 
(vi) Mix double bubble and seal the holes to avoid electrolyte evaporation.  
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(vii) Add silver paste (in acetone) to afford better contact;  
 
Figure A4. A sealed DSSC device. 
 
B Calculated pKa values in water of N3 by SMD model. 
 
 ΔGsolv  
Calculated 
pKa 
Experimental 
pKa 
N3H4 -60.94 kcal/mol 52.31 1.33 
N3H3_A -33.24 kcal/mol 58.74 2.24 
N3H2_A -35.91 kcal/mol 62.15 3.45 
N3H1_B -66.04 kcal/mol 67.30 4.20 
N3H0 -133.59 kcal/mol   
 
 
 
